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ABSTRACT 
A variety of organics are introduced into the water system from 
various sources such as industrial effluents, agricultural runoffs and chemical 
spills. These compounds, due to their chemical stability, resistance to 
biodegradation and sufficient water solubility, penetrate deep into the ground 
water. Their toxicity, stability to natural decomposition and persistence in 
the environment has been the cause of much concern and is receiving a 
considerable interest by the society and regulatory authorities around the 
world. The biodegradation, which is the major mechanism in the wastewater 
treatment, is quite inefficient at low substrate concentration levels and, 
therefore, heterogeneous photocatalysed oxidation such as Ti02/UV has 
emerged as an alternative for the detoxification of water. 
This study involves the photocatalytic degradation of aqueous solution 
of few selected organic systems utilizing titanium dioxide catalyst in the 
presence of light. 
This thesis entitled "Heterogeneous photocatalysed oxidation of few 
selected organic systems" is divided into four chapters. 
The Chapter 1 deals with photocatalysed degradation of four selected 
organic systems such as phenoxyacet ic acid (PAA, 1) and its 
chloroderivatives such as 4-chlorophenoxyacetic acid (4-CPA, 2), 2,4-
dichlorophenoxyacetic acid (2,4-D, 3), and 2,4,5-trichlorophenoxyacetic 
acid (2,4,5-T, 4), in aqueous suspensions of titanium dioxide. The 
degradation was studied by monitoring the change in substrate concentration 
employing UV spectroscopic analysis technique and depletion in Total 
Organic Carbon (TOC) content as a function of irradiation time. The 
influence of various parameters such as, different types of titanium dioxide 
(TiO^) powders, pH, catalyst and substrate concentrations, and in the 
presence of electron acceptors have been investigated. The degradation 
rate for the decomposition (decrease in absorption intensity vs irradiation 
time) of compounds 1 and 4 have been found to follow Zero'''order kinetics 
(linear regression of plot of absorbance vs irradiation time) on the other 
hand the degradation rate for the decomposit ion of 2 and 3 and 
mineralization (depletion of TOC vs irradiation time) of all the compound, 
1-4 have been found to follow first order kinetics (linear regression of plot 
of natural logarithm of absorption intensity and TOC vs irradiation time. 
The degradation rate for the decomposition and mineralization were 
calculated by using following expression. 
-d[A] 
dt 
-d[TOC] 
= k C 
= k c 
dt 
where, 
TOC = Total Organic Carbon, A = Absorbance, k = rate constant, 
C = concentration of pollutant, n = order of reaction. 
The effects of these parameters on the degradation rates were found 
to be significant. Degussa P25, TiO, sample was found to be more efficient 
for the degradation of all the compounds. The degradation rates were 
found to be more in acidic pH range. 
The GC-MS analysis of the irradiated samples of phenoxyacetic 
acid (1) in the presence of Degussa P25 (1 g L"') showed the formation of 
two intermediate product phenol (6) and 1,2-diphenoxyethane (8). Similarly, 
the GC-MS analysis of the irradiated samples of 4-chlorophenoxyacetic 
acid (2) under analogous conditions showed the formation of one 
intermediate product 4-chlorophenol (10). The GC-MS analysis of the 
irradiated samples of 2,4-D (3) in aqueous suspensions of different TiO^ 
powders namely P25, UVlOO and PC500 (1 g L"') have also been done. 
The GC-MS analysis of the irradiated mixture of 2,4-D gives several 
intermediate product such as 2,4-dichlorophenol (13), 2,4-dichloro-l-
methoxy benzene (17) and 1,3-dichlorobenzene (18) benzyl alcohol (21), 
3,5-d ich lorobenzene- ] ,2 -d io l (27), 4 -ch lo ropheno l (28), 4,6-
dichlorobenzene-1,3-diol (29) and 3-chlorobenzene-1,2-diol (31). The GC-
MS analysis of the irradiated samples of 2,4,5-T (4) in the presence of 
Degussa P25 (1 g L"') showed the fonnation of three intermediate products 
namely, 2,4,5-trichlorophenol (33), 2,4-dichlorophenol (13) and 1,2,4-
trichloro-5-methoxy benzene (35). 
The Chapter 2 of this thesis deals with the photocatalysed degradation 
of uracil (1) and its bromoderivatives such as 5-bromouracil (2) and 5-
bromo-3-secondarybutyl-6-methyl uracil (bromacil, 3) in the presence of 
titanium dioxide. The degradation was studied by monitoring the change in 
substrate concentration employing UV spectroscopic analysis technique 
and depletion in Total Organic Carbon (TOC) content as a function of 
irradiation time under analogous conditions using different parameters. The 
photocatalyst Degussa P25 was found to be more efficient for the 
degradation of all the compounds under study. The degradation rate were 
found to increase with the increase in reaction pH. The GC-MS analysis of 
an irradiated mixture of bromacil (3) showed the formation of two 
intermediate products namely, 5-hydroxy-3-sec.butyl-6-methyl uracil (4) 
and diisopropyl urea (18). 
The Chapter 3 of this thesis deals with the photocatalysed degradation 
of three selected organic pollutants, namely maleic hydrazide (1), benzidine 
(2) and 1,2-diphenyhydrazine (DPH, 3) in aqueous suspensions of titanium 
dioxide (Ti02). The degradation of maleic hydrazide (1) was studied 
employing UV spectroscopic analysis technique whereas the degradation 
of benzidine (2) and 1,2-diphenyl hydrazine (3) was studied using HPLC 
analysis technique. The mineralization of all the compounds under 
investigation was studied by measuring the decrease in Total Organic Carbon 
(TOC) content as a function of irradiation time. The degradation kinetics 
were studied under different conditions such as reaction pH, substrate and 
photocatalyst concentration, type of Ti02 photocatalyst and the presence 
of alternative additives such as H2O2 and KBrOs besides molecular oxygen. 
The degradation rates and the photonic efficiencies were found to be 
strongly influenced by the above parameters. The two intermediate products 
such as 4-amino-biphenyl (8) and hydroquinone (14) were identified through 
GC-MS analysis technique in the photocatalytic reaction of benzidine (2). 
The Chapter 4 includes the photocatalysed degradation of two 
selected dye derivatives, neutral red (1) and toluidine blue (2) and a 
surfactant cety Ipyridenium chloride (3), in aqueous suspensions of titanium 
dioxide under a variety of conditions. The degradation was studied by 
monitoring the change in substrate concentration employing UV 
spectroscopic analysis technique as a function of irradiation time. The 
degradation rate for the decomposition of compounds under investigation 
was studied using various parameters in order to determine the optimal 
degradation condition. 
Reasonable mechanisms have been suggested to account for the 
formation of the various products in the reaction of different compounds 
listed under Chapter 1-3. 
Note: The numbers of the various compounds given in parentheses 
corresponds to those under the respective chapters. 
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PREFACE 
This thesis entitled "Heterogeneous photocatalysed oxidation of few 
selected organic systems" is divided into four chapters. 
The Chapter 1 deals with photocatalysed degradation of four selected 
organic systems such as phenoxyacet ic acid (PAA, 1) and its 
chloroderivatives such as 4-chlorophenoxyacetic acid (4-CPA, 2), 2,4-
dichlorophenoxyacetic acid (2,4-D, 3), and 2,4,5-trichlorophenoxyacetic 
acid (2,4,5-T, 4), in aqueous suspensions of titanium dioxide. The 
degradation was studied by monitoring the change in substrate concentration 
employing UV spectroscopic analysis technique and depletion in Total 
Organic Carbon (TOC) content as a function of irradiation time. The 
influence of various parameters such as, different types of titanium dioxide 
(TiO^) powders, pH, catalyst and substrate concentrations, and in the 
presence of electron acceptors have been investigated. The degradation 
rate for the decomposition (decrease in absorption intensity vs irradiation 
time) of compounds 1 and 4 have been found to follow Zero"' order kinetics 
(linear regression of plot of absorbance vs irradiation time) on the other 
hand the degradation rate for the decomposit ion of 2 and 3 and 
mineralization (depletion of TOC vs irradiation time) of all the compound, 
1-4 have been found to follow first order kinetics (linear regression of plot 
of natural logarithm of absorption intensity and TOC vs irradiation time. 
The degradation rate for the decomposition and mineralization were 
calculated by using following expression. 
C" 
dt 
m 
dt 
where, 
TOC Total Organic Carbon, A = Absorbance, k = rate constant, 
C = concentration of pollutant, n = order of reaction. 
The effects of these parameters on the degradation rates were found 
to be significant. Degussa P25, Ti02 sample was found to be more efficient 
for the degradation of all the compounds. The degradation rates were 
found to be more in acidic pH range. 
The GC-MS analysis of the irradiated samples of phenoxyacetic 
acid (1) in the presence of Degussa P25 (1 g L"') showed the formation of 
two intermediate product phenol (6) and l,2-diphenoxyethane(8). Similarly, 
the GC-MS analysis of the irradiated samples of 4-chlorophenoxyacetic 
acid (2) under analogous conditions showed the formation of one 
intermediate product 4-chlorophenol (10). The GC-MS analysis of the 
irradiated samples of 2,4-D (3) in aqueous suspensions of different TiO^ 
powders namely P25, UVlOO and PC500 (1 g L"') have also been done. 
The GC-MS analysis of the irradiated mixture of 2,4-D gives several 
intermediate product such as 2,4-dichlorophenol (13), 2,4-dichloro-l-
methoxy benzene (17) and 1,3-dichlorobenzene (18) benzyl alcohol (21), 
3 ,5 -d ich lo robenzene- l ,2 -d io l (27), 4 - c h l o r o p h e n o l (28), 4,6-
dichlorobenzene-l,3-diol (29) and 3-chlorobenzene-l,2-diol (31). The GC-
MS analysis of the irradiated samples of 2,4,5-T (4) in the presence of 
Degussa P25 (1 g L"') showed the formation of three intermediate products 
namely, 2,4,5-trichlorophenol (33), 2,4-dichlorophenol (13) and 1,2,4-
trichloro-5-methoxy benzene (35). 
IV 
The Chapter 2 of this thesis deals with the photocatalysed degradation 
of uracil (1) and its bromoderivatives such as 5-bromouracil (2) and 5-
bromo-3-secondarybutyl-6-methyl uracil (bromacil, 3) in the presence of 
titanium dioxide. The degradation was studied by monitoring the change in 
substrate concentration employing UV spectroscopic analysis technique 
and depletion in Total Organic Carbon (TOC) content as a function of 
irradiation time under analogous conditions using different parameters. The 
photocatalyst Degussa P25 was found to be more efficient for the 
degradation of all the compounds under study. The degradation rate were 
found to increase with the increase in reaction pH. The GC-MS analysis of 
an irradiated mixture of bromacil (3) showed the formation of two 
intermediate products namely, 5-hydroxy-3-sec.butyl-6-methyl uracil (4) 
and diisopropyl urea (18). 
The Chapter 3 of this thesis deals with the photocatalysed degradation 
of three selected organic pollutants, namely maleic hydrazide (1), benzidine 
(2) and 1,2-diphenyhydrazine (DPH, 3) in aqueous suspensions of titanium 
dioxide (Ti02). The degradation of maleic hydrazide (1) was studied 
employing UV spectroscopic analysis technique whereas the degradation 
of benzidine (2) and 1,2-diphenyl hydrazine (3) was studied using HPLC 
analysis technique. The mineralization of all the compounds under 
investigation was studied by measuring the decrease in Total Organic Carbon 
(TOC) content as a function of irradiation time. The degradation kinetics 
were studied under different conditions such as reaction pH, substrate and 
photocatalyst concentration, type of TiOz photocatalyst and the presence 
of alternative additives such as H2O2 and KBrOa besides molecular oxygen. 
The degradation rates and the photonic efficiencies were found to be 
v 
strongly influenced by the above parameters. The two intermediate products 
such as 4-amino-biphenyl (8) and hydroquinone (14) were identified through 
GC-MS analysis technique in the photocatalytic reaction of benzidine (2). 
The Chapter 4 includes the photocatalysed degradation of two 
selected dye derivatives, neutral red (1) and toluidine blue (2) and a 
surfactant cetylpyridenium chloride (3), in aqueous suspensions of titanium 
dioxide under a variety of conditions. The degradation was studied by 
monitoring the change in substrate concentrat ion employing UV 
spectroscopic analysis technique as a function of irradiation time. The 
degradation rate for the decomposition of compounds under investigation 
was studied using various parameters in order to determine the optimal 
degradation condition. 
Reasonable mechanisms have been suggested to account for the 
formation of the various products in the reaction of different compounds 
listed under Chapter 1-3. 
Note: The numbers of the various compounds given in parentheses 
corresponds to those under the respective chapters. 
VI 
Chapter 1 
H E T E R O G E N E O U S PHOTOCATALYSED D E G R A D A T I O N 
OF PHENOXYACETIC ACID A N D IT'S 
CHLORODERIVATIVES IN A Q U E O U S SUSPENSIONS 
1.1 Abstract 
The photocatalysed degradation of phenoxyacelic acid (PAA, 1) 
and its derivatives such as 4-chlorophenoxyacetic acid (4-CPA, 2), 2,4-
dichiorophenoxyacetic acid (2,4-D, 3), and 2,4,5-trichlorophenoxyacetic 
acid (2,4,5-T, 4), has been investigated in aqueous suspensions of 
titanium dioxide under a variety of conditions. The degradation was 
studied by monitoring the change in substrate concentration employing 
UV spectroscopic analysis technique and depletion in Total Organic 
Carbon (TOC) content as a function of irradiation time. The influence of 
various parameters such as, different types of titanium dioxide (TiOi) 
powders, pH, catalyst and substrate concentrations, and in the presence 
of electron acceptors such as hydrogen peroxide (H2O2) and potassium 
bromate (KBrOs) besides molecular oxygen have been investigated. The 
effects of these parameters on the degradation rates were found to be 
significant. Degussa P25, Ti02 sample was found to be more efficient 
for the degradation of all the compounds. The degradation products 
were analysed by GC-MS technique and probable pathways for the 
formation of different products have been proposed. 
1.2 Introduction 
A wide variety of organics are introduced into the water system 
from various sources such as industrial effluents, agricultural runoffs 
1 2 
and chemical spills. ' These compounds due to their chemical stability, 
resistance to biodegradation and sufficient water solubility can either 
penetrates deep into the ground water or can be washed away to the 
surface water bodies.^ Their toxicity, stability to natural decomposition 
and persistence in the environment, have been the cause of much 
concern to the societies and regulation authorities around the world.'' 
The control of organic pollutants in water is an important measure in 
environmental protection. Among many processes proposed and /or 
being developed for the destruction of the organic contaminants, 
biodegradation has received the greatest attention, as it is relatively 
cheap. But very often it is unable to reduce the power of the contaminant 
and is susceptible to toxic compounds that inactivate the waste 
degrading microorganisms. For the removal of such recalcitrant 
pollutants, traditional physical techniques (adsorption on activated 
carbon, ultrafiltration, reverse osmosis ) can be used. Nevertheless, 
they are non destructive, since they just transfer organic matter from 
water to sludge. Chemical treatment of polluted surface and 
groundwater is a part of long-term strategy to improve the quality of 
water by eliminating toxic compounds of human origin before returning 
the water to its natural cycles. This type of treatment is suitable when a 
biological processing plant cannot be adapted to certain types of 
pollutants and it is costly also. 
Heterogeneous photocatalysis has emerged as an alternative for 
the detoxification of water. The detailed mechanism could be 
understood considering a semiconductor particle which is commonly 
characterized by energy gap between its electronically populated 
valence band and its largely vacant conduction band.^ Irradiation of 
semiconductor particles with light of energy greater than or equal to the 
band-gap of the semiconductor promotes an electron from the valence 
band to the conduction band.^ The conduction band electron and the 
valence band electron hole may either undergo electron transfer 
reactions with the adsorbed substrate or recombine.^ The electron 
transfer processes are illustrated in Fig. 1.1 with a Ti02 particle and two 
neutral substrate S represents an electron acceptor and S* denotes an 
electron donor. This simplified illustration is also applicable for charged 
substrates. 
ConcVjclnn band 
hv>E bg 
Valence band 
/ • • \ 
Election Charge excildion 
\ 
recombcndtion 
> V — -y i 
Reduction 
Figure 1.1 
When a semiconductor such as Ti02 absorbs a photon of energy 
equal to or greater than its band gap energy, an electron may be 
promoted from the valence band to the conduction band (e'cb) leaving 
behind an electron vacancy or "hole" in the valence band (h\b), as 
shown in Eqn 1. If charge separation is maintained, the electron and hole 
may migrate to the catalyst surface where they participate in redox 
reactions with sorbed species. Specially, h^ 'vb may react with surface-
bound IhO or Oil to produce the hydroxy! radical and e'cb is picked up 
by oxygen lo generate superoxide radical anion (O2"), as indicated in the 
following equation 1-3; 
Ti02 +hv-^e"cb + h\b [ r 
02 + e ~ c b ^ 0 2 [2] 
H20 + h\.(, ^ OH' + PT [3] 
It has been suggested that the hydroxyl radicals (OH*) and 
superoxide radical anions (O2 ) are the primary oxidizing species in the 
photocatalytic oxidation processes. The ability of a semiconductor as a 
photocataiyst for a redox reaction is governed by the position of its 
conduction and valence bands (band-edge positions). For a desired 
electron transfer reaction to occur, the relevant potential of the electron 
acceptor should be below (more positive than) the conduction band of 
the semiconductor, while the relevant potential of the electron donor is 
preferred to be above (more negati\'e than) the valence band of the 
semiconductor. For an organic synthesis via organic photocatalysis, the 
substrate must have a potential more negative than the valence band of 
the semiconductor used and for a reductive synthesis, it is vice versa. A 
number of semiconductors have been investigated for their ability to 
photocatalyse organic functional group transformations. Their band-
gaps and ban edge position have been summarized in several reviews. 
Tiianiuin dio.xide has a valence band potential of +3.IV (vs. SCh) 
and a conduction band potential of -0.1 V (vs. SCE). Many organic 
compounds have a potential above that of the Ti02 valence band and 
therefore can be oxidized. In contrast, fewer organic compounds can be 
reduced since a smaller number of them have a potential below that of 
the Ti02 conduction band." The other criteria for the selection of a 
semiconductor include its chemical and photochemical stability and 
environmental impact. An important factor for Ti02 being the most 
popular semiconductor is its resitivity to strong acids and bases and its 
stability under illumination.'^ 
The phenoxy acid group of herbicides is probably one of the 
widest used herbicide chemical classes. In US 2,4-
dichlorophenoxyacetic acid (2,4-D, 3) was third most used pesticide in 
the early and mid 1990s and around 31000 tonnes of 2,4-D (3) was used 
annually.'^ It is among top six herbicide used by UK local authorities. It 
is also widely used in India and around 1300 tonnes of 2,4-D (3) was 
used in 1994-5.'"^ Phenoxyacetic acid (PAA, 1) is used as fungicide. It is 
also used as an intermediate for the synthesis of dyes, drugs and 
pesticides. It has a water solubility of 12 g 4-chlorophenoxyacetic 
acid (4-CPA, 2) is used in the food industry as a plant growth regulator 
to restrict root growth during seed germination of mung beans and it has 
a water solubility of 0.957 g L''."" The principal use of 2,4-D (3) is the 
control of broad leaf weeds in cereal crops. It has been used on wheat 
barley, oats, rye, rice, maize and sorghum to kill weeds. It is important 
to mention here that although this compound has been banned in most of 
the developed countries but unfortunately it is still being used in India. It 
acts as a persistent auxin. It affects the cell wall development and 
increases the RNA quantity, which led to more protein translation 
leading to so much cell proliferation that vascular system is crushed it 
has water solubility of 0.9 g The amine salts of 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T, 4) are extensively used for the 
control of dicotyledonous weeds in cereal crops. It has been used on 
wheat, barley, oats, lye, rice, maize and sorghum to kill weeds and it has 
water solubility of 4.5 g L"'. 
The pesticide derivatives such as 1, 3 and 4 have been detected in 
w a t e r . P h o t c a t a l y s e d degradation of PAA (1) and their 
chloroderivatives (2-4) has been reported earlier.^''^° For example, 
photoredox reaction of phenoxyacetic acid (1) and photocatalysed 
degradation over supported TiO? in a flow system have been 
reported."'"^" Photocatalysed degradation of 4-chlorophenoxyacetic acid 
* 23 
(2) by iron (III) phthalocyanine modified Ti02 was investigated. 
Similarly, studies on the degradation of 2,4-D have been reported 
earlier. For example the photooxidative removal of 2,4-D (3) under 
UVlight has been reported by Arkhipova et. aP"* and Lu et. al.^^ 
Herrmann and coworkers^^ have reported a TiOi based solar 
photocatalytic detoxification of 2,4-D (3). A combination of 
photocatalysis and ozonolysis has been reported by Brillas et. al.^^ The 
effect of activated carbon on the photocatalytic degradation by UV 
• OS • 
irradiated titania has also been reported earlier. A study of degradation 
pathways has also been reported earlier by Pichat et. al.^^ Sunlight 
photodegradation of 2,4,5-T (4) on titanium dioxide has already been 
reported earlier.'" 
Inspite of all these studies no major efforts have been made to 
investigate the detailed degradation kinetics of these compounds. With 
this view we have under taken a detailed study on the photodegradation 
of phenoxyacetic acid (PAA, 1), 4-chlorophenoxyacetic acid (4-CPA, 
2), 2,4-dichlorophenoxyacetic acid (2,4-D, 3), and 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T, 4) (Chart I . l ) sensitized by Ti02 
in aqueous solution under UV light source. The studies were carried out 
using various reaction parameters, e.g. reaction pH, substrate and 
catalyst concentrations, type of photocalalysts. An attempt has also been 
made to identify the intermediate products formed during the 
photooxidative process through GC-MS analysis technique. 
Chart 1.1 
OCH2COOH 
1 
Phenoxyacetic acid 
(PAA) 
OCH2COOH 
CI 
2 
4- chlorophenoxyacetic acid 
(4-CPA) 
OCHoCOOH 
.CI 
CI 
3 
2,4- dichlorophenoxyacetic acid 
(2,4-D) 
PCH2COOH 
CI 
2,4,5- trichlorophenoxyacetic acid 
(2,4,5-T) 
10 
1.3 Experimental 
1.3.1 Reagents and chemicals 
Phenoxyacetic acid (1), 4-chlorophenoxyacetic acid (2), 2,4-
dichlorophenoxyacctic acid (3) and 2,4,5-trichlorophenoxyacetic acid 
(4) were obtained from Aldrich and used as sucli without any further 
purification. The photocatalyst titanium dioxide Degussa P25 (Degussa 
AG),^' was used in most of the experiment. Other catalyst powders 
namely Hombikat UVlOO (Sachtleben chemie GmbH),^^ PC500 
(Millennium inorganic chemicals)^^ and TTP (Travancore titanium 
products, India)^'^ were used for comparative studies. Degussa P25 
consist of 75% anatase and 25% rutile with a specific BET-surface area 
2 1 3 5 
of 50 m g" and primary particle size of 20 nm. Hombikat UVlOO 
consist of 100% anatase with a specific BET-surface area >250 m^g"' 
and primary particle size of 5 nm.^^ The photocatalyst PC500 has a 
BET-surface area of 287 m^g"' with 100% anatase and primary particle 
size of 5-10 nm,^^ whereas, TTP has a BET-surface area of 9.82 m^g"'. 
The other chemicals used in this study such as NaOH, HNO3, H2O2 and 
KBrOs were obtained from Merck. 
11 
1.3.2 Procedure 
Solutions of the phenoxyacetic acid (1) and its chloroderivatives 
(2-4) of desired concentrations were prepared in double distilled water. 
An immersion well photochemical reactor made of Pyrex glass equipped 
with a magnetic stirring bar, water circulating jacket and an opening for 
supply of molecular oxygen was used. A simplified diagram of the 
reactor system is shown below; 
V J 1 
cooling water 
Oxygen 
- UV- "lamp 
Purging unit 
Reaction vessel 
Magnetic s t i r r e 
Figure 1.2 ^ 
For irradiation experiment, aqueous solution (250 mL) of the 
compound was taken into the photoreactor, required amount of 
photocatalyst was added, the solution was stirred and bubbled with 
molecular oxygen for at least 30 minutes in the dark to allow 
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equilibration of the system so that the loss of compound due to 
adsorption could be taken into account. The zero time reading was 
obtained from blank solution kept in the dark but otherwise treated 
similarly to the irradiated solution. pH of the reaction mixture was 
adjusted by adding a dilute aqueous solution of HNO3 or NaOH. The 
suspensions were continuously purged with molecular oxygen 
throughout each experiment. IiTadiations were can-ied out using a 125 W 
medium pressure mercury lamp (Philips). IR-radiations were eliminated 
by a water jacket. Samples (10 mL) were collected before and at regular 
intervals during the iiTadiation and analysed after centrifiigation. 
1.3.3 Analys is 
1.3.3.1 Photomineral izat ion of phenoxyacetic acid (1) and its 
chloroderivatives (2-4) 
The photomineralization of phenoxyacetic acid (1) and its 
chloroderivatives (2-4) were measured using Total Organic Carbon 
analyzer (Shimadzu TOC 5000 A)."^ ^ The main principle of TOC 
analyzer involves the use of carrier gas (oxygen), which is flow-
regulated (150 ml/min) and allows to flow through the Total Carbon 
(TC) combustion tube, which is packed with catalyst, and kept at 
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680 V . When the samples enter the TC combustion tube, TC in the 
sample is oxidized to carbon dioxide. The carrier gas containing the 
combustion products from the TC combustion tube flows through the 
Inorganic Carbon (IC) reaction vessel, dehumidifier, halogen scrubber 
and finally reaches the sample cell of the nondispersive infrared (NDIR) 
detector which measures the carbon dioxide content. The output signal 
(analog) of the NDIR detector is displayed as peaks. The peak areas are 
measured and processed by the data processing unit. Since the peak 
areas are proportional to the total carbon concentration, the total carbon 
in a sample may be easily determined from the calibration curve 
prepared using standard solution of known carbon content. Total carbon 
is the sum of TOC (Total Organic Carbon) and IC (Inorganic Carbon). 
Mineralization rates were calculated in terms of M min"'. 
1.3.3 .2 Photodegradat ion of the phenoxyacetic acid (1) and its 
chloroderivatives (2-4) 
The photodegradation of phenoxyacetic acid (1) and its 
chloroderivatives (2-4) were measured using UV spectroscopic analysis 
technique (Shimadzu 1601). This double beam spectrophotometer has 
an in-built tungsten and deuterium lamps, which provide the 
measurement of optical density (OD) in the range 200-1000 nm (near 
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UV and visible regions). The samples were analysed using quartz 
cuvette, as it has zero absorption in the above wavelength regions. 
The absorbance of the compounds 1-4 were followed at their Xmax 
such as 269, 227.5, 230 and 289 nm respectively. The degradation rates 
for 1 and 4 were calculated in terms of [min"'] and for 2 and 3 in terms 
of [M min"'". 
1.3.3.3 Character izat ion of in termediate products^^ 
For the characterization of intermediate products, aqueous 
solutions (250 mL) of compounds containing Ti02 (P25, 1 gL"') were 
taken in the immersion well photochemical reactor. The mixture was 
irradiated with a 125 W medium pressure mercury lamp at different time 
intervals and the formation of product was followed using thin layer 
chromatography technique. The photocatalyst was removed through 
filtration and the filtrate was extracted with chloroform which was 
subsequently dried over anhydrous sodium sulphate. The solvent was 
removed under reduced pressure to give a residual mass, which was 
analyzed by GC-MS analysis technique. For GC-MS analysis a 
Shimadzu Gas chromatograph and mass spectrometer (GCMS-QP 5050) 
equipped with a 25m CP SIL 19 CB (d =0.25mm) capillary column. 
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operating temperature programmed (220°C for 40 min at the rate of 
10°C min'') in splitless mode injection volume (1.0 ^iL) with helium as a 
carrier gas was used. 
1.3.3.4 Calculation of percentage mineralization and decomposition 
of pollutant 
The percent mineralization and decomposition of the compounds 
under investigation were calculated employing the following 
expressions. 
% Mineralization or Decomposition ^ (Co-Ct/ Co) * 100 
Where Co is the initial concentration of the compound solution either in 
millimolar or ppm. C, is the concentration remaining after irradiation of 
time t. 
1.4 Resul ts and Discussion 
1.4.1 Photolysis of TiOi suspensions containing phenoxyacetic acid 
(1) and its chloroderivatives (2-4) 
An aqueous suspension of phenoxyacetic acid (1) and its 
chloroderivatives (2-4) was irradiated in the presence of Ti02 by the 
pyrex filtered output of a 125 W medium pressure mercury lamp. The 
change in absorption intensity and the depletion in TOC content as a 
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function of irradiation time for the compound 1-4 is shown in Fig. 1.3 -
1.6 respectively. All the compounds under investigation undergo 
decomposition when irradiated in the presence of Ti02, whereas no 
observable loss of compound was seen in the absence of Ti02. The 
degradation curve of the pollutants 2 and 3 can be fitted reasonably well 
by an exponential decay curve suggesting first order kinetics. 
The degradation rates of 1 and 4 were determined from the initial 
slope obtained by the linear regression of the absorbance and TOC 
content versus time profile, i.e. zeroth order degradation kinetics and 
also by first order kinetics. Unfortunately, by both the methods, higher 
degradation rates for the TOC removal than for the decomposition of the 
respective pollutants were obtained, which is impossible from the 
logical point of view. However, considering that the TOC content 
consists of undegraded substrate and intermediates containing the same, 
less number of carbon atoms TOC degradation rate in terms of 
(M min"') would result in a significant lower rate than the one for the 
removal of the model compounds. Since the composition of the model 
pollutants and the intermediates changes with irradiation time, the only 
practical way of calculating degradation rates for the TOC removal 
17 
0 
0 20 40 60 80 100 120 140 
Irradiation T ime (min) 
Figure 1.3: Depletion in TOC and change in absorption intensity at 269 
nm as a function of irradiation time for an aqueous solution of 
phenoxyacetic acid (1) in the presence and absence of TiOi-
Experimental conditions: Phenoxyacetic acid (ImM), V= 250 mL, 
immersion well photoreactor, 125 W medium pressure Hg lamp, 
photocatalyst: Ti02 (Degussa P25) IgL"', continuous O2 purging and 
stirring, irradiation time = 120 min. 
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Figure 1.4: Depletion in TOC and change in absorption intensity at 
227.5 nm as a function of irradiation time for an aqueous solution of 4-
chlorophenoxyacetic acid (2) in the presence and absence of Ti02. 
Experimental conditions: 4-chlorophenoxyacetic acid (0.5 mM), 
photocatalyst: Ti02 (Degussa P25) IgL"', irradiation time = 120 min. 
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Figure 1.5: Depletion in TOC and change in absorption intensity at 230 
nm as a function of irradiation time for an aqueous solution of 2,4-
dichlorophenoxyacetic acid (3) in the presence and absence of Ti02. 
Experimental conditions: 2,4-dichlorophenoxyacetic acid (1.0 mM), 
photocatalyst: TiO: (Degussa P25) 2gL'', irradiation time = 60 min. 
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Figure 1.6: Depletion in TOC and change in absorption intensity at 289 
nm as a function of irradiation time for an aqueous solution of 2,4,5-
trichlorophenoxyacetic acid (4) in the presence and absence of Ti02. 
Experimental conditions: 2,4,5-trichlorophenoxyacetic acid (0.5 mM), 
photocatalyst: Ti02 (Degussa P25) IgL"', irradiation time = 120 min. 
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appears to follow first order reaction kinetics. The degradation rate for 
the mineralization (depletion of TOC) and decomposition (decrease in 
absorption intensity) of the pollutants were calculated using expressions 
given below, 
-d[TOC]/dt = kc" [6] 
-d[A]/dt = kc" [7] 
where, k = rate constant, 
c = concentration of the pollutant, 
n = order of reaction 
Control experiments were carried out in all cases, employing 
unirradiated blank solutions. There was no observable loss of the 
compound due to adsorption on the catalyst in unirradiated blank 
solutions. The zero irradiation time readings were obtained from blank 
solutions kept in the dark, but otherwise treated similarly to the 
irradiated solutions. 
1.4.2 Compar i son of d i f f e r e n t p h o t o c a t a l y s t s 
Titanium dioxide is known to be the semiconductor with the 
highest photocatalytic activity, non-toxic, relatively inexpensive and 
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Stable in aqueous solution. Several reviews have been written, regarding 
the mechanistic and kinetic details as well as the influence of 
experimental parameters. It has been demonstrated that degradation by 
photocatalysis can be more efficient than by other wet-oxidation 
technique."" The aim of present study was to determine the best 
photocatalyst among commercially available different Ti02 material and 
find further means to accelerate the efficiency of the photocatalytic 
process. 
We have tested the photocatalytic activity of four different 
commercially available Ti02 powders (namely Degussa P25, Hombikat 
UVlOO, Millennium Inorganic PC500 and Travancore Titanium 
Products, India) on the degradation kinetics of all the pollutants under 
investigation. The degradation rate obtained for the decomposition 
(decrease in absoiption intensity) and mineralization (depletion of TOC) 
of 1-4, in the presence of different types of Ti02 powders is shown in 
Fig. 1.7 - 1.12 respectively. It has been observed that the degradation of 
the pollutants proceeds much more rapidly in the presence of Degussa 
P25 as compared with other Ti02 samples under UV light source. 
The differences in the photocatalytic activity are likely to be due 
to differences in the BET-surface, impurities, lattice mismatches or 
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Figure 1.7: Degradation rate for the decomposition of phenoxyacetic 
acid (1) in the presence of different photocatalysts. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
Ti02 Degussa P25 (1 gU'), Hombikat UVlOO (1 gU') , PC500 (1 gU'), -h 
irradiation time = 120 min. 
24 
'o 
s 
E 
3 0 . 0 0 8 
c 0.006 h o 
^ 0.004 w 
ra 0 . 0 0 2 m a 
P25 UV100 PC500 TTP 
Type of Photocatalyst 
Figure 1.8: Degradation rate for the mineralization of phenoxyacetic 
acid (1) in the presence of different photocatalysts. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
TiOs Degussa P25 (1 gL"'), Hombikat UVlOO (1 gL''), PC500 (1 gL"'), 
irradiation time = 120 min. 
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Figure 1.9: Degradation rate for the decomposition and mineralization 
of 4-chlorophenoxyacetic acid (2) in the presence of different 
photocatalysts. 
Experimental conditions: 4-chlorophenoxyacetic acid (0.5 mM), 
photocatalysts: TiOz Degussa P25 (1 gL"'), Hombikat UVlOO (1 gL"'), 
PCS00 (1 gL"'), irradiation time = 120 min. 
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Figure 1.10: Degradation rate for the decomposition and mineralization 
of 2,4-D (3) in the presence of different photocatalysts. 
Experimental conditions: 2,4-D (1.0 mM), photocatalysts: TiOa 
DegussaP25 (2 gL"'), Hombikat UV 100 (2 gL"'), PC500 (2 gL"'), TTP 
(2 gL"'), irradiation time 60 min. 
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Figure 1.11: Degradation rate for the decomposition of 2,4,5-
trichlorophenoxyacetic acid (4) in the presence of different 
photocatalysts. 
Experimental conditions: 2,4,5-T (0.5 mM), photocatalysts: Ti02 
Degussa P25 (1 gL'"), Hombikat UVlOO (1 gL"'), PC500 (1 gL"'), TTP 
(1 gL"'), irradiation time = 120 min. 
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Figure 1.12: Degradation rate for the mineralization of 2,4,5-
trichloropiienoxy acetic acid (4) in the presence of different 
photocatalysts. 
Experimental conditions: 2,4,5-T (0.5 mM), photocatalysts: Ti02 
Degussa P25 (1 gL"'), Hombikat UVlOO (1 gL"'), PC500 (1 gL"'), TTP 
(1 gL"'), irradiation time ^ 120 min. 
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density of hydroxyl groups on the catalyst's surface, since they will 
affect the adsorption behavior of a pollutant or intermediate molecule 
and the lifetime and recombination rate of electron-hole pairs. Earlier 
study"^ has shown that Degussa P25 owes its high photoreactivity due to 
slow recombination between electron and holes whereas Sachtleben 
Horn bikat UVlOO has a high photoreactivity due to fast inter facial 
electron transfer rate. Since the photocatalyst Degussa P25 was found to 
be more active photocatalyst, it is obvious that the rate limiting step 
cannot be the interfacial electron-transfer rate but rather the lifetime of 
electron hole pairs. Assuming that the adsorption/desorption of substrate 
and reaction intermediates is relatively slow in comparison to the 
recombination rate of electron-hole pairs, one should expect higher 
degradation rates when a photocatalyst such as Degussa P25 is used 
which guarantees longer lifetime of the electron/hole pairs. Thus, higher 
concentrations of electrons and holes are available for suitable reactants 
to initiate the photocatalytic reaction. Earlier studies have also shown 
that Degussa P25 was found to show better activity for the 
photocatalytic degradation of a large number of organic compounds.'^^"'^^ 
On the otherhand Lindner et al.'^ ^ showed that Hombikat UVlOO was 
almost four times more effective than P25 when dichloroacetic acid was 
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used as the model pollutant. Also Hombikat UVlOO was found to be 
better for the degradation of benzidine and 1,2-diphenyl hydrazine and 
ramazol brilliant blue R as reported earlier.'^ '^'^ ^ Another reason for the 
better efficiency of Degussa P25 photocatalyst could be explained by a 
•quantum size effect.'^^'^^ When the particles become 
too small, there is a 'blue shift' with an increase of the band gap energy, 
detrimental to the near UV-photon absorption, and an increase of the 
electron-hole recombination. Too high specific area is not beneficial for 
an optimum efficiency. Another explanation for the greater photo 
effectiveness of mixed phase titania photocatalyst (here Degussa 25) 
could be due to three factors 1) the smaller band gap of rutile extends 
the useful range of photoactivity into the visible region. 2) the 
stabilization of charge separation by electron transfer from rutile to 
anatase slows the recombination. 3) the small size of the rutile 
crystallites facilitates the electron transfer.^' 
These results indicate that the activity of the photocatalyst also 
depends on the type of the model pollutant. In all following 
experiments, Degussa P25 was used as the photocatalyst, since this 
material exhibited highest overall activity for the degradation of the 
pollutants. 
31 
1.4.3 Ef fec t of pH 
An important parameter in the heterogeneous photocatalysis is the 
reaction pH, since it influences the surface charge properties of the 
photocatalyst and therefore the adsorption behavior of the pollutant and 
also the size of aggregates it forms. Employing Degussa P25 as a 
photoctalyst the decomposition and mineralization of phenoxyacetic 
acid (1) and its chloroderivatives (2-4) in the aqueous suspension of 
Ti02 was studied in the pH range between 3 to 11. The degradation rate 
for the decomposition and for the TOC depletion of 1-4 as a function of 
reaction pH are shown in Fig. 1.13 - 1.18 respectively. It could be seen 
from the figures that the compounds 1-4 can be photocatalytically 
degraded considerably faster at lower pH values. 
The zero point of charge (pH^pc) of Degussa P25 has been 
reported as 6.25. Hence at more acidic pH values, the particle surface is 
positively charged, while at pH values above pHzpc, it is negatively 
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charged. The model compounds contain COOH group and hence they 
can be protonated and deprotonated under acidic and basic conditions 
respectively, depending upon the pKa value. The pKg values of 
compounds 1-4 are reported as 3.17", 3.56^\ 3.67^^ respectively. 
Since all the compounds under investigation are found to degrade 
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Figure 1.13: Degradation rate for the decomposition of phenoxyacetic 
acid (1) at different pH. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
Ti02 (Degussa P25, 1 gL"'), reaction pH (3, 5, 7 and 9), irradiation time 
= 120 min. 
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Figure 1.14: Degradation rate for the mineralization of phenoxyacetic 
acid (1) at different pH. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
Ti02 Degussa P25 (1 gL"'), reaction pH (3, 5, 7 and 9), irradiation time 
= 120 min. 
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Figure 1.15: Degradation rate for the decomposition and mineralization 
of 4-chlorophenoxyacetic acid (2) at different pH. 
Experimental conditions: 4-CPA (0.5 mM), photocatalysts: Ti02 
Degussa P25 (1 gL"'), reaction pH (3, 5, 7 and 9), irradiation time = 120 
mm. 
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Figure 1.16: Degradation rate for the decomposition and mineralization 
of2 ,4-D (3) at different pH. 
Experimental conditions: 2,4-D (1 mM), Ti02 Degussa P25 (2 gL"') 
reaction pH (3, 5, 7 and 9), irradiation time = 60 min. 
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Figure 1.17: Degradation rate for the decomposition of 2,4,5-
trichiorophenoxyacetic acid (4) at different pH. 
Experimental conditions: 2,4,5-T (0.5 mM), Ti02: Degussa P25 (1 gL"'), 
reaction pH (3, 5, 7, 9 and 11), irradiation time = 120 min. 
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Figure 1.18: Degradation rate for the mineralization of 2,4,5-
trichlorophenoxyacetic acid (4) at different pH. 
Experimental conditions: 2,4,5-T (0.5 mM), Ti02: Degussa P25 (1 gL"'), 
reaction pH (3, 5, 7 and 9), irradiation time = 120 min. 
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efficiently under acidic pH, the results indicate that this structural 
orientation is favorable for the attack of the reactive species. Similar 
results on the effect of reaction pH on the degradation rate is reported 
earlier.^^ 
1.4.4 Ef fec t of substrate concentration 
It is important both from mechanistic and from application point 
of view to study the dependence of substrate concentration on the 
photocatalytic reaction rate. Therefore effect of substrate concentrations 
on the degradation of compounds 1-4 was studied at varying 
concentrations from 0.25 to 1.5 mM. 
The degradation rate for the decomposition and TOC depletion of 
1-4 as a function of substrate concentration employing Degussa P25 as 
photocatalyst are shown in Fig. 1.19-1.24 respectively. 
The effect of substrate concentration on the degradation rate of 
compounds 1-4 have been studied. As oxidation proceeds less and less 
of the surface of the (Ti02) particle is covered as the pollutant is 
decomposed. Evidently, at total decomposition, the rate of degradation 
is zero and a decreased photocatalytic rate is to be expected with 
increasing illumination time. It has been agreed, with minor variation, 
that the expression for the rate of photomineralization of organic 
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Figure 1.19: Degradation rate for the decomposition of phenoxyacetic 
acid (1) at different substrate concentration. 
Experimental conditions: photocatalysts: Ti02 Degussa P25 (1 gL''), 
substrate concentration (0.5, 0.75, 1.0 and 1.5), irradiation time = 120 
mm. 
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Figure 1.20: Degradation rate for the mineralization of phenoxyacetic 
acid (1) at different substrate concentration. 
Experimental conditions: photocatalysts: Ti02 Degussa P25 (1 gL"'), 
substrate concentrations (0.5, 0.75, 1.0 and 1.5), irradiation time = 120 
mm. 
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Figure 1.21: Degradation rate for the decomposition and mineralization 
of 4-chlorophenoxyacetic acid (2) at different substrate concentration. 
Experimental conditions: 4-chlorophenoxyacetic acid (0.5 mM), 
photocatalysts: Ti02 Degussa P25 (1 gL"'), substrate concentration 
(0.25, 0.5, 0.75 and 1.0 mM), irradiation time - 120 min. 
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Figure 1.22: Degradation rate for the decomposition and mineralization 
of 2,4-D (3) at different substrate concentration. 
Experimental conditions: Substrate concentration (0.25, 0.5, 0.75, and 
1.0 mM), photocatalyst Degussa P25 (2 gL"'), irradiation time = 60 min. 
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Figure 1.23: Degradation rate for the decomposition of 2,4,5-
trichlorophenoxyacetic acid (4) at different substrate concentrations. 
Experimental conditions: Photocatalysts: Ti02 Degussa P25 (1 gL"'), 
substrate concentration (0.25, 0.5, 0.75, 1.0 mM), irradiation time = 120 
mm. 
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Figure 1.24: Degradation rate for the mineralization of 2,4,5-
trichlorophenoxyacetic acid (4) at different substrate concentration. 
Experimental conditions: Photocatalysts: Ti02 Degussa P25 (1 gL'^), 
substrate concentration (0.25, 0.5, 0.75, 1.0 mM), irradiation time = 120 
mm. 
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substrate with irradiated (Ti02) follows the Langmuir - Hinshelwood 
(L-H) law for the same saturation type kinetic behavior in any of the 
four possible situation, i.e. (a) the reaction takes place between two 
adsorbed substances, (b) the reaction occurs between a radical in 
solution and an adsorbed substrate molecule, (c) the reaction takes place 
between a radical linked to the surface and a substrate molecule in 
solution and (d) the reaction occurs with both the species being in 
solution. In all the cases the expression for the rate equation is similar to 
that derived from the L - H model, which has been useful in modeling 
the process, although it is not possible to find out whether the process 
takes place on the surface, in the solution or at the interface. Our results 
on the effect of the initial concentration on the degradation rates of 1-4 
shown in figures are in agreement with assumption of the L - H model. 
1.4.5 Effect of catalyst concentration 
Whether in static, slurry, or dynamic flow reactors, the initial 
reaction rates were found to be directly proportional to catalyst 
concentration, indicating a heterogeneous regime. However, in some 
cases it was observed that above a certain concentration, the reaction 
rate even decreases and becomes independent of the catalyst 
concentration. This limit depends on the geometry and working 
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conditions of the photoreactor and for a definite amount of Ti02 in 
which all the particles, i.e., the entire surface exposed, are totally 
illuminated. When the catalyst concentration is very high, after traveling 
a certain distance on an optical path, turbidity impedes further 
penetration of light in the reactor. In any given application, this 
optimum catalyst concentration [(Ti02)oPT] has to be found, in order to 
avoid excess catalyst and ensure total absorption of efficient photons. 
The effect of photocatalyst concentration on the degradation 
kinetics of the compounds 1 and 4 was studied employing different 
concentrations of Degussa P25, Hombikat UVlOO and PC500 varying 
from 0.25 to 5 g L"'. While in the case of 2 and 3 the effect of catalyst 
concentration was studied only with Degussa P25 varying from 0.5 to 5 
gL- ' . 
The influence of photocatalyst concentration on the degradation 
rate for the decomposition and mineralization of 1 employing three 
different Ti02 powders is shown in Fig. 1.25 and 1.26 respectively. It 
was found that the Degussa P25 was more efficient as compared to the 
other Ti02 powders and the order of efficiency was P25 > UVlOO > 
PC500. It was also observed that the degradation rate increases with the 
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Figure 1.25: Degradation rate for the decomposition of phenoxyacetic 
acid (1) at different catalyst concentrations of three different Ti02 
powders. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
TiOi (Degussa P25, UVlOO and PC500), catalyst concentrations (0.25, 
0.5, 1.0 and 2.0 gL"'), irradiation time = 120 min. 
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Figure 1.26: Degradation rate for the mineralization of phenoxyacetic 
acid (1) at different catalyst concentrations of three different Ti02 
powders. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
Ti02 (Degussa P25, UVlOO and PC500), catalyst concentrations (0.25, 
0.5, 1.0 and 2.0 gL"'), irradiation time = 120 min. 
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increase in catalyst loading up to 1 gL"' and on further increase in 
catalyst loading leads to decrease in the degradation rate. 
The effect of varying concentrations of Degussa P25 on the 
degradation rate for the decomposition and mineralization of 2 and 3 is 
shown in Fig. 1.27-1.28 respectively. It was found that degradation rate 
increases upto 2 g L"' (2) and 3 g L"' (3) and further increase in catalyst 
concentration lead to slight decrease of the degradation rate of 2 and 
leveling off the degradation rate of 3 was observed. 
The influence of photocatalyst concentration on the degradation 
rate for the decomposition and mineralization of 4 was investigated 
employing three different Ti02 powders varying from 0.5 to 5.0 gL"'. 
The degradation rate for the decomposition and mineralization of 4 in 
the presence of three different Ti02 samples are shown in shown in Fig. 
1.29 and 1.30 respectively. The photocatalysts Degussa P25 was found 
to be more efficient as compared to other Ti02 powders and the order of 
efficiency was P25 > PC500 > UVIOO. It was observed that the 
degradation rate increases with the increase in catalyst concentration 
upto 3 gL"' and on subsequent addition of catalyst leads to leveling off 
the degradation rate. Our results have also shown that 1-2 gL"' catalyst 
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Figure 1.27: Degradation rate for the decomposition and mineralization 
of 4-chlorophenoxyacetic acid (2) at different catalyst concentrations. 
Experimental conditions: 4-chlorophenoxyacetic acid (0.5 mM), 
photocatalysts: Ti02 (Degussa P25), catalyst concentrations (0.5, 1.0, 
2.0 and 5.0 gL"'), irradiation time = 120 min. 
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Figure 1.28: Degradation rate for the decomposition and 
mineralization of 2,4-D (3) at different catalyst concentration. 
Experimental conditions: 2,4-D (1.0 mM), Ti02 (Degussa P25) catalyst 
concentration (0.5, 1, 2 and 5 gL"'), irradiation time ^ 60 min. 
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Figure 1.29: Degradation rate for the decomposition of 2,4,5-
trichlorophenoxyacetic acid (4) at different catalyst concentrations of 
three different Ti02 powders. 
Experimental conditions: 2,4,5-T (0.5 mM), photocatalysts: Ti02 
(Degussa P25, UVlOO and PC500), catalyst concentrations (0.5, 1.0, 3.0 
and 5.0 gL"'), irradiation time = 120 min. 
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Figure 1.30: Degradation rate for the mineralization of 2,4,5-
trichlorophenoxyacetic acid (4) at different catalyst concentrations of 
three different Ti02 powders. 
Experimental conditions: 2,4,5-T (0.5 mM), photocatalysts: Ti02 
(Degussa P25, UVlOO and PC500), catalyst concentrations (0.5, 1.0, 3.0 
and 5.0 gL"'), irradiation time = 120 min. 
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concentration were better as compared to very high catalyst 
concentrations. 
1.4.6 Effect of electron acceptors 
One practical problem in using Ti02 as a photocatalyst is the 
undesired electron / hole recombination, which, in the absence of proper 
electron acceptor or donor, is extremely efficient and thus represent the 
major energy- wasting step thus limiting the achievable quantum yield. 
One strategy to inhibit electron - hole pair recombination is to add other 
(irreversible) electron acceptors to the reaction. They could have several 
different effects such as, i.e., 1) to increase the number of trapped 
electrons and, consequently, avoid recombination, 2) to generate more 
radicals and other oxidizing species, 3) to increase the oxidation rate of 
intermediate compounds and 4) to avoid problems caused by low 
oxygen concentration. In highly toxic wastewater where the degradation 
of organic pollutants is the major concern, the addition of electron 
acceptors to enhance the degradation rate may often be justified. 
The effect of electron acceptors such as potassium bromate and 
hydrogen peroxide on the photcatalytic degradation of 1, 2 and 4 in 
addition to the molecular oxygen was investigated at varying 
concentrations. The degradation rate for the mineralization and 
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decomposition of the compounds 1, 2 and 4 in the presence of different 
electron acceptors is shown in Fig. 1.31-1.39. 
Hydrogen peroxide, bromate ions are known to generate hydroxy] 
radicals by the mechanisms shown in eqns 8-10, 
H2O2 + e~cB ^ OH* + OH" (8) 
BrOs" + 2H^ + e"cB ^ B r O j + H2O (9) 
Br03"+ 6H" + 6 e"cB-^ [Br02~ ,H0Br ] - > B r ~ + 3 H 2 0 (10) 
As expected both the additives showed beneficial effect on the 
photocatalytic degradation of compounds under investigation as evident 
from the figures. However the addition of bromate ions markedly 
enhance the degradation, indicating that this compound is more effective 
electron acceptor as compared with other oxidant employed in this 
study. The respective one electron reduction potentials (measured 
m 
against NHE) of different species are E (O2/O2 ) = -155mV, E (H2O2/ 
OH*) = 800mV and E (Br03"/Br02') = 1150mV.^^ From thermodynamic 
point of view both the additives should therefore be more efficient 
electron acceptors than molecular oxygen. Since the addition of bromate 
ions markedly enhance the degradation, which can be attributed to the 
large number of electron involvement as shown in eq 10. 
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Figure 1.31: Degradation rate for the decomposition of phenoxyacetic 
acid (1) at different KBr03 concentrations. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
Ti02 Degussa P25 (1 gL"'), KBrOs concentrations (1, 3, 5 mM), 
irradiation time = 120 min. 
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Figure 1.32: Degradation rate for the mineralization of phenoxyacetic 
acid (1) at different KBrOs concentrations. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
TiOi Degussa P25 (1 gL"'), KBrOs concentrations (1, 3, 5 mM), 
irradiation time = 120 min. 
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Figure 1.33: Degradation rate for the decomposition of phenoxyacetic 
acid (1) at different H2O2 concentrations. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
TiOi Degussa P25 (1 gL"'), H2O2 concentrations (1, 3, 5 mM), 
irradiation time = 120 min. 
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Figure 1.34: Degradation rate for the mineralization of phenoxyacetic 
acid (1) at different H2O2 concentrations. 
Experimental conditions: Phenoxyacetic acid (1.0 mM), photocatalysts: 
Ti02 Degussa P25 (1 gL"'), H2O2 concentrations (1, 3, 5 mM), 
irradiation time = 120 min. 
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Figure 1.35: Degradation rate for the degradation and mineralization of 
4-chlorophenoxyacetic acid (2) at different H2O2 concentrations. 
Experimental conditions: 4-chlorophenoxyacetic acid (0.5 mM), 
photocatalysts: Ti02 Degussa P25 (1 gL"'), H2O2 concentrations (1, 3, 5 
mM), irradiation time = 120 min. 
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Figure 1.36: Degradation rate for the decomposition of 2,4,5-
trichlorophenoxyacetic acid (4) at different KBr03 concentrations. 
Experimental conditions: 2,4,5-triciilorophenoxyacetic acid (0.5 mM), 
photocatalysts: Ti02 Degussa P25 (1 gL"'), KBrOa concentrations (1, 3, 
5 mM), irradiation time = 120 min. 
62 
0.05 
- 0.025 
T rsri I I r 
I I I I I I I I I I ' I I I I I I I I I I I I I I I I I 
0 
KBrO Concentration 
3 
Figure 1.37: Degradation rate for the mineralization of 2,4,5-
trichlorophenoxyacetic acid (4) at different KBrOs concentrations. 
Experimental conditions: 2,4,5-trichlorophenoxyacetic acid (0.5 mM), 
photocatalysts: Ti02 Degussa P25 (1 gL"'), KBr03 concentrations (1, 3, 
5 mM), irradiation time = 120 min. 
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Figure 1.38: Degradation rate for the decomposition of 2,4,5-
trichlorophenoxyacetic acid (4) at different H2O2 concentrations. 
Experimental conditions: 2,4,5-trichlorophenoxyacetic acid (0.5 mM), 
photocatalysts: Ti02 Degussa P25 (1 gL"'), H2O2 concentrations (1, 3, 5 
mM), irradiation time = 120 min. 
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Figure 1.39: Degradation rate for the mineralization of 2,4,5-
trichlorophenoxyacetic acid (4) at different H2O2 concentrations. 
Experimental conditions: 2,4,5-trichlorophenoxyacetic acid (0.5 mM), 
photocatalysts: Ti02 Degussa P25 (1 gL"'), H2O2 concentrations (1, 3, 5 
mM), irradiation time = 120 min. 
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Another possible explanation might be a change in the reaction 
mechanism of the photocatalytic degradation, since the reduction of 
bromate ions by electrons does not lead directly to the formation of 
hydroxyl radicals, but rather to the formation of other reactive radicals 
or oxidizing reagents eq. Br02~ and HOBr. Furthermore, bromate ions 
by themselves can act as oxidizing agents. Lindner has also proposed a 
mechanism for the photocatalytic degradation of 4-chlorophenol in the 
presence of bromate ions considering direct oxidation of the substrate by 
bromate ions.^^ A similar mechanism might also be operative in the 
cases of the model compounds under investigation. 
1.4.7 Intermediate products 
An attempt was made to identify the intermediate products 
formed in the photocatalytic degradation of the compounds 1-4 in 
aqueous suspensions of titanium dioxide through GC-MS analysis. 
An aqueous suspension of phenoxyacetic acid (1 mM, 250 mL) in 
the presence of Degussa P25 (1 g L'") was irradiated for 1 hr. The 
catalyst was removed by filtration and the solution was extracted with 
chloroform, which was dried over anhydrous sodium sulfate. The 
removal of the solvent under reduced pressure gave a residual mass, 
which was analysed by GC-MS analysis. The analysis showed the 
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formation of two intennediate products phenol (6) and 1,2-
diphenoxyethane (8) appearing at retention time (tR) 2.92 and 9.84 min 
respectively. These products were identified by comparing its molecular 
ion and mass fragmentation peaks with those reported in the library. A 
plausible mechanism for the fomiation of these products involving 
reactions with hydroxyl radical and superxoide radical anion formed in 
the photoctalytic process is shown in Scheme 1.1. The model compound 
undergoes addition of a hydroxyl radical leading to the formation of a 
radical species 5, which may undergo loss of ('OCH2COOH) to give the 
observed product phenol (6). Alternatively, the model compound 1 on 
addition of hydroxyl radical followed by loss of CO2 may lead to the 
formation of the radical species 7. This species can either lose 
formaldehyde molecule followed by addition of hydroxyl radical led to 
the formation of phenol or can combine with another radical species 
leading to the formation of the 1,2-diphenoxyethane (8). 
The GC-MS analysis of the irradiated samples of 4-
chlorophenoxyacetic acid (2) in the presence of Degussa P25 (1 g L"') 
showed the formation of one intermediate product 4-chlorophenol 
appearing at retention time (Ir) 6.6 min. The product was identified by 
comparing its molecular ion and mass fragmentation peaks with those 
Scheme 1.1 
67 
O—CH2COOH 
HO O—CH2COOH 
hu/Ti02 >-
OH' (- OCH2COOH) 
OH 
. \ hu/Ti02 
OH7 02 \ ( - C 0 2 ) 
0 .~CH2 
'OH 
{- CH2O) 
0—CH2 
,0^ 
^0' 
68 
reported in the library. A plausible mechanism for the formation of 
involving reactions with hydroxyl radicals formed in the photoctal^'tic 
process is shown in Scheme 1.2. The model compound undergoes 
addition of a hydroxyl radical formed in the photoctalytic process 
leading to the formation of a radical species 9, which may undergo loss 
of (*0CH2C00H) group to give the observed product 4-chlorophenol 
(10). Alternatively, the model compound 2 on addition of hydroxyl 
radical followed by loss of CO2 may lead to the formation of the radical 
species 11. Which upon loss of formaldehyde molecule followed by 
addition of hydroxyl radical led to the fonnation of 4-chlorophenol (10). 
The GC-MS analysis of the irradiated samples of 2,4-D (3) in 
aqueous suspensions of different TiO: powders namely P25, UVlOO and 
PC500 have been done. The GC-MS analysis of the irradiated samples 
of 2,4-D in the presence of UVlOO showed the formation of three 
intermediate products namely, 2,4-dichlorophenol (13), 2,4-dichloro-l-
methoxy benzene (17) and 1,3-dichlorobenzene (18) appearing at 
retention times 6.38, 8.03 and 28.8 min respectively. The irradiation of 
the model compound under analogous conditions in the presence of 
PC500 photocatalyst showed the formation of 2,4-dichlorophenol (13). 
The GC-MS analysis of the irradiated samples of 2,4-D in the presence 
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of Degussa P25 showed the formation of several intermediate products 
in addition to (13) and (17) namely, benzaldehyde (20), benzyl alcohol 
(21), 3,5-dichlorobenzene-l,2-diol (27), 4-chlorophenol (28), 4,6-
dichlorobenzene-l,3-diol (29) and 3-chlorobenzene-l,2-diol (31) 
appearing at retention times 4.11, 5.63, 10.16, 6.21, 9.00 and 9.14 min 
respectively. The products were identified by comparing their molecular 
ion and mass fragmentation peaks with those reported in the library. The 
photocatalysed degradation of 2,4-D under different Ti02 powders 
showed the formation of several intennediate products. A possible 
mechanism for the formation of different products could be understood 
in term of the pathways involving electron transfer reactions and 
reaction with hydroxy 1 radicals is shown in Scheme 1.3 and 1.4 
respectively. The model compound 3 on addition of a hydroxyl radical 
can lead to the formation of a radical species 12, which may undergo 
loss of ('OCH2COOH) group to give the observed product 2,4-
dichlorophenol (13). This product was observed in the presence of all 
the three employed photocatalyst powders indicating the main 
intermediate product formed during the photocatalysed degradation of 
the model pollutant. Alternatively, the model compound 3 on addition of 
hydroxyl radical followed by loss of CO2 may lead to the formation of 
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the radical species 14. This species may transform to 2,4-dichlorobenzyl 
alcohol (16) through a new radical species 11, or can abstract a 
hydrogen atom to form the observed product 2,4-dichIoro-l-methoxy 
benzene (17). This may also undergo loss of formaldehyde molecule 
followed by hydrogen atom abstraction to give 1,3-dichlorobenzene 
(18). The product, 16 on further transfer of an electron may undergo loss 
of chloro group to give benzyl alcohol (21), which on oxidation can lead 
to the formation of benzaldehyde (20) as illustrated in Scheme 1.3. The 
electron transfer followed by addition of hydroxyl radical and molecular 
oxygen with subsequent removal of hydroxyperoxyl radical ( H O C ) 
under these conditions is well documented in the literature.^®"^'references 
cued ihe.e.n formation of hydroxylated and dechlorinated products 27, 
28, 29 and 31 could be understood in terms of the pathway shown in 
Scheme 1.4. 
The GC-MS analysis of the irradiated samples of 2,4,5-T (4) in 
the presence of Degussa P25 showed the formation of three intermediate 
products namely, 2,4,5-trichlorophenol (33), 2,4-dichlorophenol (13) 
and l,2,4-trichloro-5-methoxy benzene (35) appearing at retention times 
4.11, 6.3 and 12.86 min. respectively and were identified by comparing 
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their molecular ion and mass fragmentation peaks with those reported in 
the library. 
The model compound 4 on addition of a hydroxyl radical can lead 
to the formation of a radical species 32, which may undergo loss of 
('OCH2COOH) group to give the observed product 2,4,5-
trichlorophenol (33). Alternatively, the model compound 4 upon the 
transfer of an electron followed by loss of CO2 may lead to the 
formation of the radical species 34. This species abstracts a hydrogen 
atom to form the observed product l,2,4-trichloro-5-methoxy benzene 
(35). The product, 33 on further transfer of an electron may undergo loss 
of chlorine atom followed hydrogen atom abstraction giving 2,4-
dichlorophenol (13) as shown in Scheme 1.5. 
Scheme 1.5 
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Chapter 2 
HETEROGENEOUS PHOTOCATALYSED DEGRADATION OF 
URACIL AND ITS BROMODERIVATIVES IN AQUEOUS 
SUSPENSIONS OF TITANIUM DIOXIDE 
2.1 Abstract 
The photocatalysed degradation of uracil (1) and its 
bromoderivatives sucii as 5-bromouracil (2) and 5-bromo-3-
secondarybutyl-6-methyl uracil (bromacil, 3), has been investigated in 
aqueous suspensions of titanium dioxide under a variety of conditions. 
The degradation was studied by monitoring the change in substrate 
concentration employing UV spectroscopic analysis technique and 
depletion in Total Organic Carbon (TOC) content as a function of 
irradiation time. The degradation of the compound under investigation 
was studied using various parameters such as, different types of Ti02 
powders, pH, catalyst and substrate concentrations, and in the presence 
of electron acceptors like hydrogen peroxide (H2O2) and potassium 
bromate (KBrOs) besides molecular oxygen. Ti02 sample, Degussa P25 
was found to be more efficient for the degradation of all the compounds 
under study. An attempt was made to identify the intermediate products 
formed during the photooxidation process of the compounds 1-3 in 
aqueous suspensions of Ti02 through GC-MS analysis technique. The 
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GC-MS analysis of an irradiated mixture of bromacil (3) lead to the 
formation of 5-hydroxy-3-sec.butyl-6-methyl uracil (4) and diisopropyl 
urea (18). A probable pathway for the formation of these products has 
been proposed. 
2.2 Introduction 
An another class of compound that is extensively used as 
herbicide is a uracil derivative. Uracil (1), a pyrimidine base, may be 
utilized preferentially for nucleic acid biosynthesis in tumors.' 
Substitution at 5-position of uracil by halogen atom results in the drastic 
changes in the biological properties of the compound.^ Bromacil (3) is 
used as a preemergent herbicide. It is used as a selective herbicide to 
control annual and perennial grasses, broad leaf weeds and woody and 
plants at non-cropland area.^ It is used at the rates of 2 to 4 kg per 
hectare.'^ It is a highly persistent herbicide with an average half life of 5-
6 months and in soil it may remain active for about 7 months. It has 
been found in the ground water of Florida.^ Earlier studies^'^ have 
demonstrated a poor biodegradability of the pesticide derivative such as 
bromacil. 
Few studies related to the degradation of uracil (1) and its 
Q 
bromoderivatives have been reported earlier. Aliskandarani et. al. has 
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Studied the influence of pollutant concentration, volume of solution and 
stirring speed on the photodegradation of uracil (1) and 5-halouraciIs in 
the presence of titanium dioxide. Vaz. et. al.^ has studied the influence 
of pH and anion on the photomineralization of these systems. 
The photodegradation of water samples taken from a heavily 
polluted well containing various types of herbicides have been reported 
by Muszkat et. al.'° A study of Ti02 mediated phototcatalytic 
degradation of bromacil in the presence of methylene blue has also been 
reported by Muszkat et. al." Degradation of bromacil using chemical 
oxidation process such as ozonolysis has also been reported earlier.'^ 
Inspite of these studies, no major efforts have been made to study 
the details of the degradation kinetics, the knowledge of which is 
essential for the proper design of the treatment plant. Therefore we have 
undertaken the detailed kinetic study of uracil (1), 5-bromouracil (2) and 
bromacil (3) under different parameters. An attempt has also been made 
to identify the intermediate products formed in the photocatalytic 
degradation of compounds 1-3 as shown in Chart 2.1. 
Chart 2.1 
86 
H 
\ .N—H 
0 
1 
Uracil 
Br-
H 
H 
O 
2 
5-bromouracil 
N - C H - C H 2 - C H 3 
Bromacil 
87 
2.3 Experimental 
2.3.1 Reagents and chemicals 
Reagent grade uracil (1) and 5-bromouracil (2) and analytical 
grade bromacil (3) were used as such without any further purification 
for the degradation study. The photocatalyst, titanium dioxide Degussa 
P25 (Degussa AG),'^ was used in most of the experiment, whereas other 
catalyst powders namely Hombikat UVlOO (Sachtleben chemie 
GmbH),"^ PC500 (Millennium inorganic chemicals)'' and T I P 
(Travancore titanium products, India)'^ were used for comparative 
studies. The other chemical used in this study such as NaOH, HNO3, 
H2O2 and KBrOs were obtained from Merck. Irradiations were carried 
out in an immersion well photochemical reaction vessel made of pyrex 
glass using 125W medium pressure mercuiy lamp. 
2.3.2 Analysis 
The degradation of uracil (1) and 5-bromouracil (2), was followed 
by measuring the decrease in absorption intensity at 259.5 and 277 nm 
respectively as a function of irradiation time after 75-80% dilution. The 
mineralization of uracil (1) and its bromoderivatives, 2 and 3 was 
monitored by measuring the depletion in TOC as a function of 
irradiation time using Shimadzu 5000A TOC Analyzer.'^ 
2.3.3 Characterization of intermediate photoproducts 
For characterization of the intermediate products, aqueous 
solutions (250mL) of the compound containing Ti02 (P25, IgL"') were 
taken in a photochemical reactor made of Duran glass with a plain 
quartz window (through which a parallel light beam is entering) 
equipped with a magnetic stirring bar, a water circulating jacket and 
opening for gas supplies. Irradiations were carried out using a high-
pressure mercury lamp (Osram HBO 500 W). IR-radiation and short 
wavelength UV-irradiation were eliminated by a 10 cm water filter. A 
320-nm cut-off filter was used to avoid any direct excitation of the 
compound under investigation. Samples were collected at different time 
intervals during the irradiation, centrifuged and extracted with 
methylene chloride, which was subsequently dried over anhydrous 
sodium sulphate and analyzed by GC-MS. For GC-MS analysis a 
Shimadzu Gas chromatograph and mass spectrometer (GCMS-QP 5050) 
equipped with a 25m CP SIL 19 CB (d =0.25mm) capillary column, 
operating temperature programmed (220°C for 40 min at the rate of 
10°C min"') in splitless mode injection volume (1.0 |iL) with helium as a 
carrier gas was used. 
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2.4 Results and Discussion 
2.4.1 Irradiation of an aqueous suspension of uracil (1) and its 
bromoderivatives (2 and 3) containing Ti02 
Irradiation of an aqueous solution of uracil (1) and its 
bromoderivatives (2 and 3) in the presence of the photocatalyst (Ti02, 
Degussa P25, IgL"') by the pyrex filtered output of a 125 W medium 
pressure mercury lamp under oxygen lead to the decrease in the 
absorption intensity and depletion in TOC content as a fiinction of time. 
Fig. 2.1 and 2.2 shows the change in the absorption intensity and 
depletion in TOC as a function of irradiation time for the photocatalytic 
degradation of uracil (1) and 5-bromouracil (2). Fig. 2.3 shows the 
depletion in TOC as a function of irradiation time for the degradation of 
bromacil (3). Control experiments were carried out in the absence of 
photocatalyst where there was no observable loss of compound takes 
place as shown in Fig. 2.1-2.3. Both the curves can be fitted reasonably 
well by an exponential decay curves suggesting the first order kinetics. 
The degradation rates for the mineralization of 1-3 and decomposition of 
1 and 2 were calculated in terms of M min"'. The zero irradiation time 
reading was obtained from blank solutions kept in the dark, but 
otherwise treated similarly to the irradiated solutions. 
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Figure 2.1: Depletion in TOC and change in absorption intensity at 
259.5 nm as a function of irradiation time for the photocatalysed 
degradation of uracil (1) in the presence and absence of Ti02 in the 
aqueous suspensions. 
Experimental conditions: Uracil (0.5 mM), V= 250 mL, 125 W medium 
pressure Hg lamp, photocatalyst: TiO: Degussa P25 (IgL"'), continuous 
O2 purging and stirring, irradiation time = 120 min. 
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Figure 2.2: Depletion in TOC and change in absorption intensity at 277 
nm as a function of irradiation time for the photocatalysed degraadtion 
of 5-bromouracil (2) in the presence and absence of Ti02 in aqueous 
suspensions. 
Experimental conditions: 5-bromouracil (1.0 mM), photocatalyst: Ti02 
Degussa P25 (IgL"'), irradiation time = 240 min. 
92 
o 
U o 
o o 
—Bromacil (TOC) / without catalyst 
•H— Bromacil (TOC) / with catalyst 
Q g I I L_l I 1_J L_l \ L_1 l_l 1 l__l L_l I I I L 
0 50 100 150 200 250 
Irradiation time (min) 
Figure 2.3: Depletion in TOC as a function of irradiation time for the 
photocatalysed degradation of bromacil (3) in the presence and absence 
of Ti02 in aqueous suspensions. 
Experimental conditions: Bromacil (0.48 mM), photocatalyst: Ti02 
Dcgussa P25 (IgL"'), irradiation time ^ 240 min. 
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The degradation rate for the decomposition and mineraUzation of 
the pollutants were calculated using the expressions given below, 
-d[A]/dt = kc" [1] 
-d[TOC]/ dt = kc" [2] 
where, k = rate constant, 
c = concentration of the pollutant, 
n = order of reaction 
2.4.2 Comparison of different photocatalysts 
The photodegradation of uracil (1) and its bromoderivatives (2 
and 3) was tested with four different Ti02 powders, namely, Degussa 
P25, Hombikat UVlOO, PC500 and TTP. The degradation rate for the 
decomposition and mineralization of uracil (1) and 5-bromouracil (2) is 
shown in Fig. 2.4 and 2.5 respectively whereas Fig. 2.6 shows the 
degradation rate for the mineralization of bromacil (3). 
It could be seen from the figure that in the case of uracil (1), the 
degradation rate for the decomposition of the compound is much higher 
in the presence of Degussa P25 as compared with other Ti02 powders. 
Whereas in the case of 5-bromouracil (2) the influence of Degussa P25 
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Figure 2.4: Comparison of degradation rate for tlie decomposition and 
mineralization of uracil (1) in the presence of different photocatalysts, 
Experimental conditions: Uracil (0.5 mM), photocatalyst: Ti02 Degussa 
P25 (1 gL"'), Hombikat UVlOO (1 gL"'), PC500 (1 gL"'), irradiation time 
= 120 min. 
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Figure 2.5: Comparison of degradation rate for the decomposition and 
mineralization of 5-bromouracii (2) in the presence of different 
photocatalysts. 
Experimental conditions: 5-bromouracil (1.0 mM), photocatalyst: Ti02 
Degussa P25 (1 gL"'), Hombikat UVlOO (1 gL"'), PC500 (1 gL"'), 
irradiation time = 240 min. 
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Figure 2.6: Comparison of degradation rate for the mineralization of 
bromacil (3) in the presence of different photocatalysts. 
Experimental conditions: Bromacil (0.48 mM), photocatalyst: Ti02 
Degussa P25 (1 gU'), Hombikat UVlOO (1 gL"), PC500 (1 gU^), 
irradiation time = 240 min. 
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on the degradation rate for the decomposition of the compound was not 
as pronounced as observed in case of 1. In contrast it is interesting to 
note that in the case of 2 and 3 the degradation rate for the 
minerahzation of the compounds employing photocatalyst Degussa P25 
and UVlOO is more or less same. The photocatalyst obtained from TTP 
was found to be of lower efficiency for the degradation of all the 
compounds under investigation. The reason for the better phootcatalytic 
activity of Degussa P25 has already been discussed in chapter 1. 
Degussa P25 was used as the photocatalyst for all the remaining 
experiments since this material exhibited the highest overall activity for 
the degradation of the model compound under investigation. 
2.4.3 Ef fec t of pH 
An important parameter in the heterogenous photocatalysis is the 
reaction pH, since it determines the surface charge properties of the 
photocatalyst and therefore the adsorption behavior of the pollutant and 
also the size of aggregates it forms. The degradation rate for the 
decomposition and mineralization of uracil (1) and its bromoderivatives 
(2 and 3) has been investigated in the pH range between 3 to 9 in the 
presence of Ti02. 
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The degradation rate for the decomposition and minerahzation of 
uracil (1) and 5-bromouracil (2) as a function of reaction pH is shown in 
Fig. 2.7 and 2.8 respectively. It is interesting to note that the degradation 
rate for the decomposition of the compounds increases significantly with 
the increase in the reaction pH whereas it's influence on the 
mineralization rate was not much pronounced. Similar results of the 
effect of reaction pH on the degradation of uracil (1) and 5-halouracil 
derivatives have been reported earlier by Vaz et. al.^ 
Fig. 2.9 shows the degradation rate for the mineralization of 
bromacil (3) as a function of reaction pH in the presence of three 
commercially available Ti02 powders namely Degussa P25 , Hombikat 
UVlOO, PC500. It could be seen from the figure that the degradation 
rate for the mineralization of the compound increases with the increase 
in pH. Interestingly highest rate was observed at pH 9 when 
photocatalyst Degussa P25 was used. 
2 .4 .4 In f luence of substrate concentrat ion 
It is important both from mechanistic and from application point 
of view to study the dependence of photocatalytic reaction rate on the 
initial substrate concentration. Hence the effect of initial substrate 
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Figure 2.7: Comparison of degradation rate for the decomposition and 
mineralization of uracil (1) at different pH. 
Experimental conditions: Uracil (0.5 mM), photocatalyst: Ti02 Degussa 
P25 (1 gL"'), reaction pH (3, 5, 7 and 9), irradiation time = 120 min. 
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Figure 2.8: Comparison of degradation rate for the decomposition and 
mineralization of 5-bromouracil (2) at different pH. 
Experimental conditions: 5-bromouracil (1.0 mM), photocatalyst: Ti02 
Degussa P25 (1 gL"'), reaction pH (3, 5, 7 and 9), irradiation time = 240 
mm. 
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Figure 2.9: Comparison of degradation rate for the mineralization of 
bromacil (3) at different pH in different photocatalyst. 
Experimental conditions: Bromacil (0.48 mM), photocatalyst: Ti02 
Degussa P25 (1 gL"'), Hombikat UVlOO (1 gU') , PC500 (1 gU') , 
reaction pH (3, 5, 7 and 9), irradiation time = 240 min. 
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concentration on the degradation of compounds 1-3 was studied at 
different initial substrate concentrations in the range between 0.12 to 1.5 
mM. Fig. 2.10 and 2.11 shows the degradation rate for the 
decomposition and mineralization of uracil (1) and 5-bromouracil (2) as 
a function of substrate concentration whereas Fig. 2.12 shows the 
degradation rate for the mineralization of bromacil (3). The degradation 
rates of uracil (1) and its bromoderivatives (2 and 3) were found to 
increase with the increase in the initial substrate concentrations. 
Interestingly the rate for the decomposition of the compound was found 
to increase markedly with the increase in substrate concentration in the 
case of uracil (1). 
2.4.5 Effect of catalyst concentration 
As the initial reaction rates are directly proportional to the 
photocatalyst particle or mass. Therefore the influence of the 
photocatalyst concentrations on the degradation rates was investigated in 
the range between 0.25 to 5 g L"'. Degradation rate for the 
decomposition and mineralization of uracil (1) and 5-bromouracil (2) is 
shown in Fig. 2.13 and 2.14 whereas Fig. 2.15 shows the degradation 
rate for the mineralization of bromacil (3) in the presence of different 
concentrations of Degussa P25 photocatalyst. As expected, the rates 
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Figure 2.10: Degradation rate for the decomposition and mineralization 
of uracil (1) at different substrate concentration. 
Experimental conditions: Photocatalyst: Ti02 Degussa P25 (1 gL"'), 
substrate concentration (0.25, 0.5, 0.75 and 1.0 mM), irradiation time = 
120 min. 
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Figure 2.11: Degradation rate for the decomposition and mineralization 
of 5-bromouracil (2) at different substrate concentration. 
Experimental conditions: Photocatalyst: Ti02 Degussa P25 (1 gL"'), 
substrate concentration (0.5, 0.75, 1.0 and 1.5 mM), irradiation time = 
240 min. 
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Figure 2.12: Degradation rate for the mineralization of bromacil (3) at 
different substrate concentration. 
Experimental conditions: Photocatalyst: Ti02 Degussa P25 (1 gL"'), 
substrate concentration (0.12, 0.24, 0.48 and 0.96 mM), irradiation time 
= 240 min. 
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Figure 2.13: Degradation rate for the decomposition and mineralization 
of uracil (1) at different catalyst concentrations. 
Experimental conditions: Uracil (0.5 mM), photocatalyst: Ti02 Degussa 
P25, catalyst concentrations (0.25, 0.50, 1.0 and 2.0 gL"'), irradiation 
time = 120 min. 
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Figure 2.14: Degradation rate for the decomposition and mineralization 
of 5-bromouraciI (2) at different catalyst concentrations. 
Experimental conditions: 5-bromouracil (1.0 mM), photocatalyst: Ti02 
Degussa P25, catalyst concentrations (0.5, 1.0, 2.0 and 3.0 gL'^), 
irradiation time = 240 min. 
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Figure 2.15: Degradation rate for the mineralization of bromacil (3) at 
different catalyst concentrations. 
Experimental conditions: Bromacil (0.48 mM), photocatalyst: Ti02 
Degussa P25,, catalyst concentrations (0.5, 1.0, 2.0 and 5.0 gL"'), 
irradiation time = 240 min. 
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were found to enhance with the increase in concentration of the 
photocatalyst. 
2.4.6 Effect of electron acceptors 
Since hydroxyl radicals appear to play an important role in the 
photocatalytic degradation, electron acceptors such as hydrogen 
peroxide and potassium bromate were added into the solution in order to 
enhance the fonnation of hydroxyl radicals and also to inhibit the 
electron/hole (eVh"^ ) pair recombination. Therefore the effect of electron 
acceptors such as hydrogen peroxide and potassium bromate on the 
photcatalytic degradation of compounds 1-3 was investigated. Fig 2.16 
and 2.17 shows the degradation rate for the decomposition and 
mineralization of uracil (1) in the presence of different concentrations of 
hydrogen peroxide and potassium bromate. The degradation rate for the 
decomposition and mineralization of 5-bromouracil (2) is shown in Fig. 
2.18 whereas Fig. 2.19 shows the degradation rate for the mineralization 
of bromacil (3) in the presence of hydrogen peroxide and potassium 
bromate. As expected all the additives showed bencficial effect on the 
degradation rate of the compounds under investigation. It was also 
observed that bromate ions markedly enhanced the degradation rate of 
compounds 1-3, while in the presence of hydrogen peroxide a slight 
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Figure 2.16: Degradation rate for the degradation and mineralization of 
uracil (1) at different H2O2 concentrations. 
Experimental conditions: Uracil (0.5 mM), photocatalyst: Ti02 Degussa 
P25 (1 gL"^), H2O2 concentrations (1, 3, 5 mM), irradiation time = 120 
mm. 
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Figure 2.17: Degradation rate for the degradation and mineralization of 
uracil (1) at different KBrOs concentrations. 
Experimental conditions: Uracil (0.5 mM), photocatalyst: Ti02 Degussa 
P25 (1 gL-'), KBrOs concentrations (1, 3, 5 mM), irradiation time = 120 
mm. 
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Figure 2.18: Degradation rate for the degradation and mineralization of 
5-bromouracil (2) in the presence of electon acceptors. 
Experimental conditions: 5-bromouracil (1.0 mM), photocatalyst: Ti02 
Degussa P25 (1 gL''), H2O2 and KBrOa concentrations (3 mM), 
irradiation time = 240 min. 
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Figure 2.19: Degradation rate for the mineralization of bromacil (3) in 
the presence of electon acceptors. 
Experimental conditions: Bromacil (0.48 mM), photocatalyst: Ti02 
Degussa P25 (1 gL"'), H2O2 (10 mM) and KBrOj (3 mM), irradiation 
time = 240 min. 
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increase as compared to the potassium bromate in the degradation rate 
was observed. 
2.4.7 Intermediate products 
An attempt was made to identify the intermediate products 
formed during the phootoxidation of the compounds 1-3 through GC-
MS analysis. 
An aqueous suspension of bromacil (0.5 mM, 250mL) in the 
presence of Degussa P25 (1 gL"') was irradiated for different time 
intervals. The catalyst was removed by filtration and the filtrate was 
extracted with methylene chloride, which was dried over anhydrous 
sodium sulfate. The removal of the solvent under reduced pressure gave 
a residual mass which was analysed by GC-MS analysis. The GC-MS 
analysis showed several products of which two products, 5-hydroxy-3-
sec.butyl-6-methyl uracil (4) and diisopropyl urea (18) appearing at 
retention times (tR) 9.48 and 15.293 min respectively were identified. 
The photoproduct (4) was identified based on their molecular ion and 
mass spectrometric fragmentation peaks, whereas the product (18) was 
identified by comparing the molecular ion and mass fragmentation 
peaks with those reported in the GC-MS library, which are indicated 
below; 
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Compound 4: m/z, 198 (M^), 141, 113, 99, 71 and 57. 
Compound 18: m/z, 144 (M^), 129, 84, 70, 58, 44 and 41. 
The formation of 4 and 18 involving electron transfer reactions 
and reaction with hydroxyl radicals formed in the photocatalytic system 
could be understood in terms of the pathways shown in Schemes 2.1 and 
2.2 respectively. The model compound 3 upon the addition of a 
hydroxyl radical followed by loss of bromine radical can lead to the 
formation of the observed product 4. The compound 4 upon the transfer 
of an electron can form to the radical cation 6, which may undergo loss 
of hydrogen atom followed by methyl cation forming 7. This compound 
on further transfer of electron followed by loss of isopropyl cation may 
subsequently lead to the formation of 11. Further transfer of an electron 
from irradiated Ti02 to the species 8 may lead to the formation of 
radical anion species 12, which may undergo addition of a hydroxyl 
radical follovv'ed by ring cleavage to give 13 (Scheme 2.2). This 
compound on subsequent transfer of an electron may undergo addition 
of hydroxyl radical, ring cleavage and abstraction of isopropyl cation 
ultimately leading to the formation of the observed diisopropyl urea 
(18). 
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Chapter 3 
HETEROGENEOUS PHOTOCATALYSED DEGRADATION OF 
THREE SELECTED ORGANIC POLLUTANTS, MALEIC 
HYDRAZIDE, BENZIDINE AND 1,2-DIPHENYL HYDRAZINE 
IN AQUEOUS SUSPENSIONS 
3.1 Abstract 
The photocatalysed degradation of three selected organic 
pollutants, namely maleic hydrazide (1), benzidine (2) and 1,2-diphenyl 
hydrazine (DPH, 3) has been investigated in aqueous suspensions of 
titanium dioxide (Ti02) under a variety of conditions. The degradation 
of maleic hydrazide (1) was studied employing UV spectroscopic 
analysis technique whereas the degradation of benzidine (2) and 1,2-
diphenyl hydrazine (3) was studied using HPLC analysis technique. The 
mineralization of all the compounds under investigation was studied by 
measuring the decrease in total organic carbon (TOG) content as a 
function of irradiation time. The degradation kinetics were studied under 
different conditions such as reaction pH, substrate and photocatalyst 
concentration, type of Ti02 photocatalyst and the presence of alternative 
additives such as H2O2 and KBrOa besides molecular oxygen. The 
degradation rates and the photonic efficiencies were found to be strongly 
influenced by the above parameters. The two intermediate products such 
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as 4-amino-biphenyl (8) and hydroquinone (14) were identified through 
GC-MS analysis technique in the photocatalytic reaction of benzidine. A 
probable pathway for the formation of the products has been proposed. 
3.2 Introduction 
The model compound, maleic hydrazide (1) is used as a herbicide 
and plant gro^vth inhibitor.' It is used for the suppression of grass 
growth on lavms, roadside verges, amenity areas, and also for the 
growth of shrubs and trees. It works as a growth retardant by inhibiting 
the mitotic division in plants thus indirectly killing weed by inhibiting 
their growth. It 's solubility in water has been reported as 4.5 g L-'.^Due 
to its high solubility it can either penetrates deep into the soil ultimately 
reaching to the ground water or it can be washed away by rain or 
irrigation water to the surface water bodies. 
The second model compound, benzidine (2) constitutes an 
important class of organic pollutant, which has been used in the past, in 
industries in large amounts to produce dyes for cloth, paper, and leather. 
However, it has not been manufactured for sale in United States since 
the mid-1970. Major U.S. Dye companies no longer make benzidine-
based dyes. Benzidine has been found in at least 27 of the 1,430 
National Priorities List sites identified by the Environmental Protection 
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Agency. In the past, benzidine entered the environment largely during 
its manufacture, processing, or use to produce dyes. It evaporates 
slowly, especially from water and soil. Exposure to high levels of 
benzidine may cause cancer of urinary bladder and other types of 
cancer. The biodegradation and thermal degradation of benzidine has 
been reported earlier.^'^ The photodegradation of chlorobiphenyl 
derivatives in the presence of Ti02 has also been reported.^'^ To the best 
of our knowledge no major effort have been made to study the 
photocatalytic degradation of these compounds in the presence of 
titanium dioxide. Therefore we have undertaken a detailed investigation 
of the photodegradation of maleic hydrazide (1) benzidine (2) and 1,2-
diphenyl hydrazine (DPH, 3) sensitized by Ti02 in aqueous suspension 
under a variety of conditions and an attempt have been made to identify 
the intermediate products formed in the photocatalytic degradation of 
the model compounds. 
Chart 3.1 
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3.3 EXPERIMENTAL 
3.3.1 Materials 
Reagent grade maleic hydrazide (1) benzidine (2) and 1,2-
diphenyl hydrazine (3) were obtained from Aldrich and used as such 
without any further purification. The water employed in this study was 
either double distilled or purified by a Milli-Q/RO system (Millipore) to 
make stock solution. The photocatalyst Degussa P25 (Degussa AG),^ 
and Hombikat UVlOO (Sachtleben chemie GmbH),^ was used in most of 
the experiment. Other catalyst powders namely PCS00 (Milenium 
inorganic chemicals ) .Kat 26 (TCI Transcommerce International AG, 
Switzerland)" and TTP (Travancore titanium products, India)'^ were 
used for comparative studies. The other chemical used in this study such 
as NaOH, HNO3, H2O2 and KBrOs were obtained from Merck. 
3.3.2 Procedure 
Solutions of desired concentrations of maleic hydrazide (1) were 
prepared in double distilled water and for irradiation an immersion well 
photochemical reactor made of Pyrex glass was used. The solution (250 
mL) was filled into the reactor and required amount of photocatalyst 
was added which was stirred for at least 30 minutes in the dark to allow 
equilibration of the system. The zero time reading was obtained from 
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blank solution kept in the dark but otherwise treated similarly to the 
irradiated solution. The suspensions were continuously purged with 
molecular oxygen throughout each experiment. Irradiations were carried 
out using a 125 W medium pressure mercury lamp. 
For studies on benzidine (2) and 1,2-diphenyl hydrazine (DPH, 
3), the solutions were prepared in water purified by Millipore system. 
The irradiations were carried out in a photochemical reactor was made 
of Duran glass with a plain quartz window (through which the parallel 
light beam is entering) equipped with a magnetic stirring bar, a water-
circulating jacket, and 5 openings for electrodes and gas supplies. For 
the irradiation aqueous solution of the compound (250 mL) of the 
desired solution were filled into the reactor and required amount of 
photocatalyst was added. The solution was stirred for at least 30 minutes 
in the dark to allow equilibration of the system. To ensure a constant 
pH-value throughout the experiment, avoiding the addition of any buffer 
solution a pH-stat technique was employed. Details about this technique 
were reported elsewhere.'^ To guarantee a constant O2 concentration the 
suspensions were continuously purged with molecular oxygen 
throughout each experiment. Irradiations were carried out using a high-
pressure mercury lamp (Osram HBO 500W). IR-radiation and short-
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wavelength UV-radiation were eliminated by a 10 cm water filter. 
Samples (10 niL) were collected before and at regular intervals during 
the irradiation and centrifuged before analysis. 
2.3. Actinometry 
For compounds such as maleic hydrazide (1) the actinometry 
measurements was performed using potassium ferrioxalate 
actinometry.''^ The average light intensity entering the irradiated 
solution was determined to be 0.28 x 10"^  Einstein 1"' s"'. 
For compounds such as benzidine (2) and 1,2-diphenyl hydrazine 
(3) actinometry was performed using Aberchrome 540^^''^ to determine 
the total incident light intensity within the wavelength region between 
310 and 370 nm, which can be absorbed by Ti02. This technique allows 
the determination of the incident photon flux entering a photoreactor of 
a specific geometry at the inner front window, thus, avoiding the 
necessity of corrections for any influences of light reflections taking into 
account the reactor geometry. The light intensity throughout all 
experiments in this study was between 100 and 115 mmol photons f ' 
min"'. 
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2.4. Analysis 
The degradation of maleic hydrazide (1) was followed by 
measuring the change in absorption intensity at 303 nm after 75% 
dilution of the samples using spectroscopic analysis (Shimadzu 
1601UV-VIS). The concentrations of benzidine (2) and DPH (3) were 
measured by TtPLC using a Dionex 4500i chromatograph equipped with 
a reversed phase column Nucleosil 100-10 C18 (Merck). Benzidine and 
DPH were detected employing an UV-detector at 280 and 290 nm 
respectively.'^ The eluent for both model compounds consisted of a 
binary mixture of water and methanol (70: 30 by volume), the flow rate 
was 1 mL min"l. Concentrations of the substrates were calculated by 
calibration curves obtained from HPLC-measurements of the respective 
compound at different concentrations. Total organic carbon (TOC) of 1-
3 was measured with a Shimadzu TOC 5000A analyzer by directly 
injecting the aqueous solutions after centriftigation. 
For the characterization of intermediate products from benzidine, 
aqueous solutions (250 mL) containing Ti02 (P25, 1 g L"l) were 
irradiated with a 125 W medium pressure mercury lamp in an 
immersion well Pyrex glass photoreactor for different time intervals 
such as 30, 60 and 90 minutes in separate runs. The irradiated mixture 
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was filtered and extracted with methylene chloride, which was 
subsequently dried over sodium sulfate. The solvent was removed under 
reduced pressure to give a residual mixture, which was analyzed by GC-
MS. For GC-MS analysis a Shimadzu Gas Chromatograph and Mass 
Spectrometer (GCMS-QP 5050) equipped with a 25 m CP SIL 19 CB 
(d= 0.25 mm) capillary column, operating temperature-programmed (50 
OC for 10 min and 200 OC for 30 min at the rate of 10 OC m"!) in a 
splitless mode, injection volume (2.0 jiL) with helium as a carrier gas. 
3.4 RESULTS 
3.4.1 Photolysis of Ti02 suspensions containing maleic hydrazide (1), 
benzidine (2) and diphenyl hydrazine (3) 
Irradiation of an aqueous suspensions of desired concentrations of 
1-3 in the presence of Ti02 lead to decrease in the concentration and 
depletion in TOC content as a function of time. As a representative 
example, Fig. 3.1 shows the change in absorption intensity at 303 nm 
and depletion in TOC as a function of irradiation time of an aqueous 
solution of maleic hydrazide (0.5 mM) in the absence and presence of 
Degussa P25 TiOz (1 g L"') by the "Pyrex" filtered output of a 125 W 
medium pressure mercury lamp. It was found that no observable loss of 
the model compound takes place in the absence of photocatalyst 
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Figure 3.1: Influence of Photocatalyst on the degradation and 
mineralization of maleic hydrazide (1) showing the change in absorption 
intensity at 303 nm and depletion in TOC as a function of time. 
Experimental conditions: Maleic hydrazide (0.5 mM), V = 250 mL, 
Degussa P25 (Ig L "'), 125 W medium pressure Hg lamp, continuous O2 
purging and stirring, t = 2 h. 
1 3 0 
whereas, 97.12 % decomposiiion and 83.8 % mineralization of the 1 
was observed after 120 min of irradiation. Both the degradation curves 
can be fitted reasonably well by an exponential decay curve suggesting 
first order kinetics. The resulting first order rate constant, k], has been 
used in all subsequent plots to calculate the photonic efficiency using 
k, C, k, TOC 
^ - and ^ = — 
•'o h 
where, Cq: initial pollutant concentration, TOC: total organic carbon 
content, k] apparent first order rate constant and Iq is the incident photon 
flow per unit volume. 
3.4.2 Comparison of different Photocatalysts 
The photocatalytic degradation of compounds under investigation 
was studied in the presence of different Ti02 samples with an aim to 
find the best catalyst for the degradation of these compounds. Fig. 3.2 
shows the photonic efficiency for the decomposition and mineralization 
of maleic hydrazide (1) (0.5 mM) in the presence of different 
photocatalysts. It was observed that the degradation was slightly faster 
in the presence of Degussa P25, as compared to the other photocatalysts 
whereas TTP showed the lowest efficiency. Hence in all following 
experiments, Degussa P25 was used as the photocatalyst because this 
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Figure 3.2: Comparison of photonic efficiency for the decomposition 
and mineralization of maleic hydrazide (1) in the presence of different 
photocatalysts. 
Experimental conditions: Maleic hydrazide (0.5 mM), photocatalysts: 
P25 (IgL"'), PC500 (IgL"'), UVlOO (IgL"') and TTP (IgL"'), irradiation 
time = 2 h. 
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material exhibited the highest overall activity for the degradation of 
maleic hydrazide (1). 
The photonic efficiency for the decomposition and mineralization 
of benzidine (2) and DPH (3) in the presence of different Ti02 samples 
is shown in Fig. 3.3 and 3.4 respectively. It is intresting to note that 
Hombikat UV100 was better for the degradation and mineralization of 
benzidine (2) whereas PC500 was found to be more efficient in the case 
of DPH (3) 
3.4.3 Influence of pH 
The influence of pH on the degradation of maleic hydrazide (1) in 
aqueous suspensions of Ti02 was studied in the pH range from 3 to 11. 
Fig. 3.5 shows the photonic efficiency for the decomposition and 
mineralization of maleic hydrazide (1) as a function of reaction pH 
employing Degussa P25 (IgL"'). The photonic efficiency for the 
decomposition and mineralization of the compound was found to 
increase with increasing pH from 2 to 9, further increase in pH lead to 
decrease in the photonic efficienc)'. 
Employing Hombikat UV 100 as photocatalyst the degradation 
and mineralization of benzidine (2) and DPH (3) was studied in aqueous 
suspensions of TiOl in the pH range between pH 3 to 9 employing a 
P25 UV100 PC500 Kat26 PC50 
Type of Photocatalyst 
Figure 3.3: Photonic efficiencies calculated for the decomposition and 
mineralization of benzidine (2) in the presence of different 
photocatalysts. 
Experimental conditions: Benzidine (0.5 mM), photocatalysts (1 g 
t = 6 h 
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PC50 
Figure 3.4: Photonic efficiencies calculated for the decomposition and 
mineralization of DPH (3) in the presence of different photocatalysts. 
Experimental conditions: DPH (0.5 mM), photocatalysts (1 g L ' l ) , 
t = 6 h 
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Figure 3.5: Influence of pH on the photonic efficiency for the 
decomposition and mineralization of maleic hydrazide (1). 
Experimental conditions: Maleic hydrazide (0.5 mM), photocatalyst 
(P25, 1 gL"') reaction pH (2, 4, 7, 9 and 11). irradiation time = 2 h. 
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pH-stat technique to ensure a constant pH throughout each irradiation. 
The photonic efficiency for the degradation and TOC depletion of 
benzidine (2) and DPH (3) as a function of reaction pH in the presence 
of Hombikat UV 100 is shown in Fig. 3.6 and 3.7, respectively. In both 
the cases, the highest efficiency for the degradation and TOC depletion 
is observed at pH 5 as compared to other pH values. The model 
compounds 1-3 under investigation contain N-H protons and hence they 
can be protonated and deprotonated under acidic or basic conditions 
respectively, depending upon their pKa values. At the same time, the 
lone pair of electrons present at the nitrogen atom is highly delocalised 
across the benzene ring. Due to low pKa (4.66, 3.57) values of 
benzidine, the molecule will be present in its protonated form below 
3.57 and will be deprotonated above 4.66. It was found that the 
efficiency for the degradation and for the mineralization of the model 
compounds, is higher when the molecule is in equilibrium between its 
protonated and its deprotonated form. Apparently, the photocatalytic 
oxidation seems to be favored in this structural orientation of the 
molecule. 
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Figure 3.6: Influence of pH on the photonic efficiency for the 
mineralization (TOC) and degradation of benzidine (2). 
Experimental conditions: Benzidine (0.5 mM), Hombikat UV 100 
(1 gL-1), pH (3,5,7 and 9) , t = 6 h 
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Figure 3.7: Influence of pH on the photonic efficiency for the 
mineralization (TOC) and degradation of DPH (3). 
Experimental conditions: DPH (0.5 mM), Hombikat UV 100 (1 g L ' l ) , 
pH (3, 5,7 and 9 ) , t - 6 h 
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3.4.4 Influence of Substrate Concentration 
The influence of substrate concentration on the degradation rate 
of compounds 1-3, was studied at different concentrations varying from 
0.10 to 1.0 mM. Fig. 3.8 shows the photonic efficiency for the 
decomposition and mineralization of maleic hydrazide (1) as a function 
of substrate concentration employing Degussa P25 as photocatalyst. It 
has been observed that the degradation rate (given in terms of photonic 
efficiency) for the decomposition and mineralization of the compound 
increases with increasing substrate concentration from 0.25 to 0.5 mM 
followed by a plateau region at higher pollutant concentrations. 
Figure 3.9 and 3.10 shows the photonic efficiency for the 
degradation and as well as for the mineralization of benzidine (2) and 
DPH (3) as a function of the substrate concentration employing 
Hombikat UV 100 as photocatalyst. The efficiency for the degradation 
and as well as for the mineralization of the compound increases with the 
increase in the substrate concentration. The results are encouraging 
from a practical standpoint since there is apparently no inhibition of the 
photocatalytic mineralization even at higher pollutant concentrations. 
140 
—I—^—I—1—1—1—1—1—I—1—I—1—1—I—I—I—I—'—I—I—I—1—r-ir 
-.D 
0.25 0.5 0.75 1 
Substrate'Concentration (mM) 
1.25 
Figure 3.8: Influence of substrate concentration on the photonic 
efficiency for the decomposition and minerahzation of maleic hydrazide 
(1). 
Experimental conditions: Substrate concentrations (0.25, 0.5, 0.75 and 
1.0 mM), photocatalyst Degussa P25 (1 gL"'), irradiation time = 2 h. 
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Figure 3,9: Influence of substrate concentration on the photonic 
efficiency for the mineralization (TOC) and degradation of benzidine 
(2). 
Experimental conditions: Substrate concentration: (0.1, 0.25, 0.5 and 1 
mM), Hombikat UV 100 (g L-1), t = 6 h 
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Figure 3.10: Influence of substrate concentration on the photonic 
efficiency for the mineralization (TOC) and degradation of DPH (3). 
Experimental conditions: Substrate Concentration: (0.1, 0.2, 0.3 and 0.5 
mM), Hombikat UV 100 (g L"l), t = 6 h 
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3.4.5 Influence of Photocatalyst Concentration 
The influence of the photcatalyst concentration on the photonic 
efficiency for the decomposition and minerahzation of compounds 1-3 
was investigated using different concentrations of Degussa P25 and 
Hombikat UVlOO varying from 0.5 to 5 gL"' and the results are shown 
in Fig. 3.11 - 3.13. It could be seen from the figure that the photonic 
efficiency for the decomposition for the compounds 1 and 3 improved 
markedly whereas only slight increase in the efficiency of the 
mineralization of the compounds was observed when the catalyst 
concentration was increases from 0.5 to 5 gL"'. 
On the other hand, in the case of benzidine (2), the photonic 
efficiency for the decomposition and mineralization increases with the 
increase in catalyst concentration from 0.5 to 2 g L"'. A further increase 
in catalyst loading lead to a slight decrease in the degradation rate as 
shown in Fig. 3.12. 
3.4.6 Influence of Electron Acceptors 
The influence of electron acceptors on the photonic efficiency for 
the decomposition and mineralization of the compounds under 
investigation has been studied. Figures 3.14 and 3.15 shows the 
photonic efficiency for the decomposition and mineralization of maleic 
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Figure 3.11: Influence of catalyst concentration on the photonic 
efficiency for the decomposition and mineralization of maleic hydrazide 
(1). 
Experimental conditions: Maleic hydrazide (0.5 mM), photocatalyst 
Degussa P25 concentration (0.5, 1, 2 and 3 g L"'), irradiation time 
= 2h . 
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Figure 3.12: Influence of catalyst concentration on the photonic 
efficiency for the mineralization (TOC) and degradation of Benzidine 
(2). 
Experimental conditions: Benzidine (0.5 mM), Photocatalyst (Hombikat 
UV 100), catalyst concentration: (0.5, 1, 2 and 5 g L"!), t = 6 h 
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Figure 3.13: Influence of catalyst concentration on the photonic 
efficiency for the mineralization (TOC) and degradation of DPH (3). 
Experimental conditions: DPH (0.5 mM), photocatalyst (Hombikat UV 
100), catalyst concentration: (0.5, 1, 2 and 5 g L"^), t = 6 h 
147 
20 
i-ri 
M Maleic Hydrazide 
• TOC 
H^O^ (mM) + P25 (1gL ) 
Figure 3.14: Photonic efficiency for the decomposition and 
mineralization of maleic hydrazide (1) in the presence of photocatalyst 
and varying concentrations of H202. 
Experimental conditions: Maleic hydrazide (0.5 mM), photocatalyst P25 
(1 g L"'), H2O2 (0 , 1,3 and 5 mM ), irradiation time = 15min. 
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Figure 3.15: Photonic efficiency for the decomposition and 
nnncralizaiion of maleic hydrazide (1) in the presence of photocatalyst 
and varying concentrations of KBrOs-
Hxpcrimental conditions Maleic hydrazide (0.5 mM), photocatalyst P25 
(1 g 1/'), KBrOs ( 0, 1, 3 and 5 mM), irradiation time = 15min. 
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hydrazide (1) in the presence of Degussa P25 containing varying 
concentrations (1-5 mM) of the electron acceptors such as hydrogen 
peroxide and potassium bromate respectively. It was observed that both 
bromate ions and hydrogen peroxide influenced the degradation rate at 
all concentrations investigated. Control experiments were carried out in 
the presence of these additives without the photocatalyst, where no 
observable loss of the compound takes place. 
The effect of electron acceptors in addition to molecular oxygen 
on the degradation kinetics of 2 and 3 was investigated as well. It was 
found that both the model compounds, benzidine (2) and DPH (3) were 
unstable in the presence of ammonium persulphate as an oxidant, which 
was indicated by an instant color change, disappearance of the peak in 
HPLC and also sharp decrease in the TOC content. It was also observed 
that the addition of an electron acceptor such as hydrogen peroxide in 
the presence of photocatalyst leads to change in the color of the solution 
and hence the decrease in the initial concentration of the compound. 
Only bromate ions are found to enhance the rate for the degradation and 
for the TOC depletion of benzidine (2) using Degussa P25 as the 
photocatalyst, as shown by the decrease in concentration and depletion 
in TOC content as a function of time (Fig. 3.16). 
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Figure 3.16: Comparison for the photocatalytic degradation and for 
the mineralization (TOC) of Benzidine (2) in the presence of potassium 
bromate as oxidant. 
Experimental conditions: Benzidine (0.5 mM), KBrOs (3 mM), P25 
( l g L - l ) , t = 6 h 
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3.4.7 Intermediate Products 
An attempt was made to identify the intemiediate products 
formed in the photocatalytic degradation of 1-3 through GC-MS 
analysis. We are able to identify two intermediate products from 
benzidine (2) formed during the photocatalysed degradation. The GC-
MS analysis of an irradiated mixture of benzidine for 30 min 
showed the formation of 4-aminobiphenyl (8) and hydroquinone (14) 
appearing at retention times, 13.9 and 17.7 min were identified by 
comparing the molecular ion and mass fragmentation peak with those 
reported in the GC-MS library. A plausible mechanism for the formation 
of 8 involving electron transfer reactions and reactions with hydroxyl 
radicals formed in the photocatalytic system is proposed in Scheme 3.1. 
The model compound 2 upon the transfer of an electron can form the 
radical cation 4, which may undergo the loss of a proton fonning the 
radical species 6, which upon the addition of a hydroxy radical will give 
rise to the N-hydroxy compound 5. This intermediate undergoes 
cleavage followed abstraction of a proton leading to the formation of the 
observed product (8). The formation of hydroquinone derivative (14), 
could similarly be understood in terms of the pathways shown in 
Scheme 3.2. Benzidine upon the transfer of an electron followed by the 
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addition of a hydroxyl radical may lead to the formation of the anionic 
species 11, which may undergo loss of ammonia followed by the 
addition a superoxide radical anion to give a peroxy radical species 10. 
This intermediate on abstraction of a hydrogen atom will give rise to 
hydroperoxy intermediate 12, which may subsequently lead to the 
formation of hydroxy compound 13. This on cleavage followed by 
abstraction of a proton will give the observed product (14) as shown in 
Scheme 3.2. 
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Chapter 4 
H E T E R O G E N E O U S PHOTOCATALYSED D E G R A D A T I O N 
OF TWO SELECTED DYE DERIVATIVES N E U T R A L RED 
AND TOLUIDINE BLUE AND A SURFACTANT, 
CETYLPYRIDENIUM CHLORIDE IN A Q U E O U S 
SUSPENSIONS 
4.1 Abstract 
The photocatalysed degradation of two selected dye derivatives 
neutral red (1) and toluidine blue (2) and a surfactant cetylpyridenium 
chloride (3), has been investigated in aqueous suspensions of titanium 
dioxide under a variety of conditions. The degradation was studied by 
monitoring the change in substrate concentration employing UV 
spectroscopic analysis technique as a function of irradiation time. The 
degradation of the compound under investigation was studied using 
various parameters such as, different types of Ti02 powders, pH, 
catalyst and substrate concentrations, and in the presence of electron 
acceptors like hydrogen peroxide (H2O2) and potassium bromate 
(KBrOs) besides molecular oxygen. 
4.2 Introduction 
Numerous hazardous organic compounds are introduced into the 
environment as a result of several man made activities. Of all the 
organic compounds, dyes and surfactants pose the most serious problem 
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to the environment. Environmental pollution by organic dyes and 
surfactants is a serious ecological problem because most of them are 
difficult to degrade under standard biological methods.' Neutral red (1) 
has been used as a indicator for determining alkalinity of water, urea, 
nitrite etc. It is also used for preparing neutral red paper. The dye 
derivative, toluidine blue (2) has been used for direct dying, printing of 
wool and silk. Both the dyes are also used as a biological stain. A 
substantial amount of dyestuff is lost during the dyeing process in the 
textile industry which pose a major problem for the industry as well as a 
threat to the environment. Decolourization of dye effluents has 
therefore acquired increasing attention. A few dyes are known to 
undergo degradation via anaerobic reduction.^''^ Decolourization of dye 
effluent by bisulfite-catalysed borohydride reduction has also been 
reported earlier.^ 
The surfactant such as cetylpyridenium chloride is a cationic 
surfactant, which is also used as a pharmaceutic aid (preservative) as an 
antiseptic, disinfectant. A wide variety of surfactant can be 
photodegraded in the presence of titanium 
dioxide.^"" The catiomc 
surfactant undergo much slower biodegradation due to their bactericidal 
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nature. The cationic surfactants are relatively more toxic as compared 
with other surfactant as far as plants and animals are concerned. 
Irradiation of TiOa particles with light of energy greater than or 
equal to the band gap of the semiconductor promotes an electron from 
valence band to the conduction band. If the charge separation is 
maintained, the electron may migrate to the catalyst surface where they 
participate in redox reactions with sorbed species. Specially, h \ b inay 
react with surface bound H2O or 0H~ to produce the OH' radical and 
e~cb is picked up by oxygen to generate superoxide radical anion, as 
indicated in the following equations; 
Ti02 + hD e~cb + h \b [1] 
O2 + e-eb -> O2- [2] 
H2O + h \ b OH' + IT [3] 
It has been suggested that the hydroxy 1 radicals (OH') and 
superoxide radical anions (O2'') are the primary oxidizing species in the 
photocatalytic oxidation processes. These oxidative reactions would 
result in the bleaching of the dye and degradation of the pollutant. 
Alternatively, direct absorption of light by the dye, can lead to charge 
injection from the excited state of the dye to the conduction band of the 
semiconductor as summarized in the following equations; 
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DyCads + h v Dye*ads 
Dye*ads + Ti02 ^ Dye^ds + TiOj (e-) 
[4] 
[5] 
It has been shown that heterogeneous photocatalytic oxidation 
processes can be used for removing colouring material from dye effluent 
in the presence of light. 
We have undertaken a detailed study on the photodegradation of 
neutral red (1), toluidine blue (2) and cetylpyridenium chloride (3) 
(Chart 4.1) sensitized by Ti02 in aqueous solution under a variety of 
conditions. 
Chart 4.1 
H 
CI 
1 
Neutral red 
(H3C)2N' 
Toluidine blue 
cr 
r^.N^^(CH2)i4CH3 cr 
Cetylpyridenium chloride 
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4.3 Experimental 
4.3.1 Reagents and chemicals 
Reagent grade neutral red (1) was obtained from Himedia Labs 
Pvt. Ltd., Bombay whereas toluidine blue (2) was obtained from 
Aldrich. The surfactant cetylpyridenium chloride (3) was obtained from 
Otto Chemicals, Bombay. These compounds were used as such without 
any further purification. The photocatalyst, titanium dioxide Degussa 
P25 (Degussa AG),^^ was used in most of the experiment, whereas other 
catalyst powders namely Hombikat UVlOO (Sachtleben chemie 
GmbH)," PC500 (Millennium inorganic chemicals)^^ and TTP 
(Travancore titanium products, India)^^ were used for comparative 
studies. The other chemical used in this study such as NaOH, HNO3, 
H2O2 and KBr03 were obtained from Merck, h'radiations were carried 
out in an immersion well photochemical reaction vessel made of pyrex 
glass using a 125W medium pressure mercury lamp. 
4.3.2 Analysis 
The degradation of neutral red (I), toluidine blue (2) and 
cetylpyridenium chloride (3) was followed using UV-\isible 
spectrophotometer (Shimadzu 1601) by measuring the decrease in 
absorption intensity (at their T^sx) as a function of time. 
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4.4 Results and Discussions 
4.4.1 Photolysis of Ti02 suspensions containing neutral red (1), 
toluidine blue (2) and cetyipyridenium chloride (3) 
Irradiation of an aqueous solution of desired concentration of 
compounds neutral red (NR, 1), toluidine blue (TB, 2) and 
cetyipyridenium chloride (CPC 3) in the presence of the photocatalyst 
(TiOi, Degussa P25, IgL"') by the pyrex filtered output of a 125 W 
medium pressure mercury lamp under oxygen atmosphere lead to the 
decrease in the absorption intensity as a function of time. Fig. 4.1-4.3 
shows the change in the absorption intensity as a function of irradiation 
time for an aqueous suspension of neutral red (1), toluidine blue (2) and 
cetyl pyridenium chloride (3) respectively. The degradation of 
compounds 1, 2 and 3 were followed at 530, 640 and 258 nm after 80% 
of dilution. Control experiments were carried out in the absence of 
photocatalyst where negligible loss of the compounds was observed as 
shown in the figures. The zero irradiation time reading was obtained 
from blank solutions Icept in the dark, but otherwise treated similarly to 
the irradiated solutions. 
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Figure 4.1: Change in absorption intensity at 530 nm as a function of 
irradiation time for the photocatalysed degradation of neutral red (1) in 
the presence and absence of Ti02 in the aqueous suspensions. 
Experimental conditions: Neutral red (0.5 mM), V = 250 mL, 
photocatalyst: Ti02 Degussa P25 (IgL''), 125 W medium pressure Hg 
lamp, irradiation time = 120 min. 
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Figure 4.2: Change in absorption intensity at 640 nm as a function of 
irradiation time for the photocatalysed degradation of toluidine blue (2) 
in the presence and absence of TiO: in the aqueous suspensions. 
Experimental conditions: Toluidine blue (0.5 mM), photocatalyst: Ti02 
Degussa P25 (IgL"'), irradiation time = 120 min. 
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Figure 4.3: Change in absorption intensity at 250 nm as a function of 
irradiation time for tlie photocatalysed degradation of cetylpyridenium 
chloride (3) in the presence and absence of Ti02 in the aqueous 
suspensions. 
Experimental conditions: Cetylpyridenium chloride (0.5 mM). 
photocatalyst: Ti02 Degussa P25 (IgL"'), irradiation time = 120 min. 
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For each experiment, the rate constant was calculated from the linear 
regression of the plot of natural logarithm of absorption intensity as a 
function of irradiation time i.e. first order kinetics. The degradation rate 
for the decomposition of compounds under investigation were calculated 
using expressions given below, 
-d[A]/dt = kc" 
where, k = rate constant, 
c = concentration of the pollutant, 
n = order of reaction 
The degradation rates for the decomposition of compounds 1-3 
were calculated in terms of M min"\ 
4.4.2 Comparison of different photocatalysts 
The photodegradation of compounds, neutral red (1), toluidine 
blue (2) and cetylpyridenium chloride (3) was tested with four different 
Ti02 powders, namely, Degussa P25, Hombikat UVlOO, PC500 and 
TTP. The degradation rate for the decomposition of compounds 1-3 in 
the presence of different types of Ti02 powders is shown in Fig. 4.4-4.6 
respectively. 
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Figure 4.4: Comparison of degradation rate for the decomposition of 
neutral red (1) in the presence of different photocatalysts, 
Experimental conditions: Neutral red (0.5 mM), photocatalyst: Ti02 
Degussa P25 (1 gU'), Hombikat UVlOO (1 gU') , PC500 (1 gL"'), 
irradiation time = ! 20 min. 
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Figure 4.5: Comparison of degradation rate for the decomposition of 
toluidine blue (2) in the presence of different photocatalysts. 
Experimental conditions: Toluidine blue (0.5 mM), photocatalyst: Ti02 
Degussa P25 (1 gL"'), Hombikat UVlOO (1 gU') , PC500 (1 gL"'), 
irradiation time 120 min. 
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Figure 4.6: Comparison of degradation rate for the decomposition of 
CPC (3) in the presence of different photocatalysts. 
Experimental conditions: CPC (0.5 mM), photocatalyst: Ti02 Degussa 
P25 (1 gL"'), Hombikat UVlOO (1 gL"'), PC500 (1 gL"'), irradiation time 
= 120 min. 
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The photocatalyst Degussa P25 was found to be more efficient for 
degradation of ail tlie pollutant under investigation. The efficiency of 
other Ti02 powder were found to be in the order PC500 > UVlOO > 
TTP. The reason for the better phootcatalytic activity of Degussa P25 
has already been discussed in chapter 1. 
4.4.3 Ef fec t of pH 
The photocatalytic degradation of the compounds, 1-3 under 
investigations were also studied in the pH range between 3 to 9. 
The degradation rate for the decomposition of compounds, 1-3 as 
a function of reaction pH is shown in Fig. 4.7-4.9 respectively. It is 
interesting to note that the degradation rate for the decomposition of the 
compounds increases significantly with the increase in the reaction pH. 
Similar results were earlier reported for the degradation of dye 
derivative's, acid blue 40^°, acid red 29^ '^ and acid green 25 ." 
4.4 .4 Inf luence of substrate concentrat ion 
It is important both from mechanistic and from application point 
of view to study the dependence of photocatalytic reaction rate on the 
initial substrate concentration. Hence the effect of initial substrate 
concentration on the degradation of compounds 1-3 was studied at 
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Figure 4.7: Degradation rate for the decomposition of neutral red (1) at 
different pH. 
Experimental conditions: Neutral red (0.5 mM), photocatalysts: Ti02 
Degussa P25 (1 gL"'), reaction pH (3, 5, 7 and 9), irradiation time ^ 120 
min. 
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Figure 4.8: Degradation rate for the decomposition of toluidine blue (2) 
at different pH. 
Experimental conditions: Toluidine blue (0.5 mM), photocatalysts: Ti02 
Degussa P25 (1 gL"'), reaction pH (3, 5, 7 and 9), irradiation time=120 
mm. 
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Figure 4.9: Degradation rate for the decomposition of cetylpyridenium 
chloride (3) at different pH. 
Experimental conditions: Cetylpyridenium chloride (0.5 mM), 
photocatalysts: TiO^ Degussa P25 (1 gL"'), reaction pH (3, 5, 7 and 9), 
irradiation time = 120 min. 
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different initial substrate concentrations in the range of 0.25 to 1.0 mM. 
Fig. 4.10 - 4.12 shows the degradation rate for the decomposition of 
neutral red (1), toluidine blue (2) and cetylpyridenium chloride (3) as a 
function of substrate concentration in the presence of Degussa P25 as a 
photocatalyst. 
The degradation rates of compounds under investigation were 
found to increase with the increase in the initial substrate concentrations 
from 0.25 mM to 0.5 mM. On further increase in substrate 
concentration, the rates were found to decrease for the compounds 1 and 
2 and in the case of compound 3, leveling off was observed. This may 
be due to the fact that as the initial concentrations of the dye increases, 
the colour of the irradiating mixture becomes more and more intense 
which prevents the penetration of light to the surface of the catalyst. 
Hence, the generation of relative amount of OH' and O2"* on the surface 
of the catalyst do not increase as the intensity of light and irradiation 
time are constant. Conversely, their concentrations will decrease with 
increase in concenlration of the dye as the light photons are largely 
absorbed and prevented from reaching the catalyst surface by the dye 
molecules. Consequently, the degradation efficiency of the dye 
decreases as the dye concentration increases. 
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Figure 4.10: Degradation rate for the decomposition of neutral red (1) at 
different substrate concentration. 
Experimental conditions: Piiotocatalyst: TiOa Degussa P25 (1 gL"'), 
substrate concentration (0.25, 0.5, 0.75 and 1.0 mM), irradiation time = 
120 min. 
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Figure 4.11: Degradation rate for the decomposition of toluidine blue 
(2) at different substrate concentration. 
Experimental conditions: Photocatalyst: TiOi Degussa P25 (1 gL"'), 
substrate concentration (0.25, 0.5, 0.75 and 1.0 mM), irradiation time = 
120 min. 
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Figure 4.12: Degradation rate for the decomposition of cetylpyridenium 
chloride (3) at different substrate concentration. 
Experimental conditions: Photocatalyst: Ti02 Degussa P25 (1 gL"'), 
substrate concentration (0.25, 0.5, 0.75 and 1.0 mM), irradiation time = 
120 min. 
178 
4.4.5 Effect of catalyst concentration 
The influence of the photocatalyst concentrations on the 
degradation rates for the compounds 1-3, was investigated in the range 
between 0.5 to 3 g L"'. Degradation rate for the decomposition of 
compound 1-3 in the presence of different concentrations of Degussa 
P25 is shown in Fig. 4.13-4.15. The rates were found to enhance with 
the increase in catalyst concentration from 0.5 to 1 gL"' and a further 
increase in catalyst loading lead to decrease in the degradation rates of 
the compounds. This may be due to the fact that at high Ti02 
concentrations, particles aggregate, which reduces the interfacial area 
between the reaction solution and the catalyst. Thus, they decrease the 
number of active sites on the surface. Light scattering by the particles 
and the increase in opacity may be the other reason for the decrease in 
the degradation rale. 
4.4.6 Effect of electron acceptors 
The effect of electron acceptors such as hydrogen peroxide and 
potassium bromate in addition to molecular oxygen was studied on the 
degradation kinetics of compounds 1-3 in the presence of Degussa P25. 
Fig. 4.16-4.18 shows the degradation rate for the decomposition of 
compounds, 1-3 in the presence of two different electron acceptors in 
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Figure 4.13: Degradation rate for the decomposition of neutral red (1) at 
different catalyst concentrations. 
Experimental conditions: Neutral red (0.5 mM), photocatalysts: Ti02 
Degussa P25, catalyst concentrations (0.50, 1.0, 2.0 and 3.0 gL"'), 
irradiation time == 120 min. 
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Figure 4.14: Degradation rate for the decomposition of toluidine blue 
(2) at different catalyst concentrations. 
Experimental conditions: Toluidine blue (0.5 mM), photocatalysts: 
Ti02 Degussa P25, catalyst concentrations (0.50, 1.0, 2.0 and 3.0 gL"'), 
irradiation time = 120 min. 
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Figure 4.15: Degradation rate for the decomposition of cetylpyridenium 
chloride (3) at different catalyst concentrations. 
Experimental conditions: Cetylpyridenium chloride (0.5 mM), 
photocatalysts: Ti02 Degussa P 2 5 , catalyst concentrations ( 0 . 5 0 , 1.0, 2 . 0 
and 3.0 gL"'), irradiation time = 120 min. 
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Figure 4.16: Degradation rate for the degradation of neutral red (1) in 
the presence of electon acceptors. 
Experimental conditions: Neutral red (0.5 mM), photocatalysts: Ti02 
Degussa P25 (1 gL"'), H2O2 and KBrOs concentrations (3 mM), 
irradiation time =i20min. 
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Figure 4.17: Degradation rate for the degradation of toluidine blue (2) 
in the presence of electon acceptors. 
Experimental conditions; Toluidine blue (0.5 mM), photocatalysts: TiOi 
Degussa P25 (1 gU'), H2O2 and KBrOs concentrations (3 mM), 
irradiation time =120min. 
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Figure 4.18: Degradation rate for the degradation of cetylpyridenium 
chloride (3) in the presence of electon acceptors. 
Experimental conditions: Cetylpyridenium chloride (0.5 mM), 
photocatalysts: TiOj Degussa P25 (1 gL"'), H2O2 and KBrOj 
concentrations (3 mM), irradiation time =120min. 
185 
addition to molecular oxygen. As expected both the additives showed 
beneficial effect on the degradation rate of the compounds under 
investigation. It was also observed that bromate ions markedly enhanced 
the degradation rate of compounds 1-3, while in the presence of 
hydrogen peroxide a slight increase in the degradation rate was 
observed. The reason for the better efficiency of these electron acceptors 
have already been indicated in the chapter 1. 
4.5 Conclusion 
The results of these studies clearly indicate that Ti02 can efficiendy 
catalyse the degradation and mineralization of variety of organic 
compounds in the presence of light and oxygen. The results also indicate 
that degradation rate could be influenced by a number of parameters 
such as type of photocatalyst, pH, substrate concentration and catalyst 
concentration and in the presence of electron acceptors. The Ti02 
sample obtained from Degussa P25 was found to be more efficient 
photocatalyst for the degradation of all the compounds studied except 
benzidine and 1,2-diphenyl hydrazine. Our results suggests that 
phenoxyacetic acid and its chloroderivatives can be degraded rapidly at 
lower pH while benzidine and 1,2-diphenyl hydrazine were found to 
degrade faster around pH 5, on the other hand uracil and its 
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bromoderivatives, maleic hydrazide, neutral red, toluidine blue and 
cetylpyridenium chloride were found to degrade faster under alkaline 
pH range. Our results also suggests that catalyst concentration 1-2 gL"' 
would give better results as compared to higher catalyst concentrations 
and electron acceptors such as bromate ions and hydrogen peroxide can 
enhance the degradation. The intermediate products formed during the 
process could also be responsible for the slow mineralization of the 
model pollutant and are also a useful source of information for the 
degradation pathways. 
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